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PREFACE 

Kinetics  and  thermodynamics  are  being  increasingly  applied  to  eluci¬ 
date  the  properties  of  systems  of  chemical  and  physical  processes  which 
occur  in  organisms.  The  scope  of  investigations  in  which  these 
disciplines  have  been  applied  to  biochemical  problems  is  wide,  ranging 
from  organic  chemistry  to  biology.  So  diverse  are  the  studies  which 
have  been  reported  that  there  appeared  to  us  to  be  a  need  for  a 
systematic  development  of  the  basic  ideas  of  kinetics  and  thermo¬ 
dynamics  as  they  are  applicable  to  biochemistry.  In  writing  this  book 
we  have  had  in  mind  the  honours  student  of  biochemistry  and  the 
postgraduate  worker  entering  biochemistry.  It  is  hoped  that  the  book 
may  be  of  interest  also  to  biochemists  experienced  in  fields  in  which 
thermodynamics  or  kinetics  have  not  so  far  been  applied  and  to 
physical  chemists  who  will  find  familiar  ideas  applied  to  unfamiliar 
problems.  In  attempting  to  write  an  account  which  is  comprehensible 
to  as  many  types  of  reader  as  possible  we  have  introduced  each  main 
topic  first  at  an  elementary  level.  It  is  impossible  to  develop  the 
material  without  the  use  of  mathematics,  but  we  have  avoided  super¬ 
fluous  elaboration  and  the  mathematical  knowledge  required  does  not 
extend  beyond  an  acquaintance  with  the  ideas  of  simple  calculus. 
Wherever  possible  theoretical  discussions  have  been  illustrated  by 
examples  of  actual  biochemical  investigations.  The  selection  of  these 
is  of  necessity  arbitrary  and  a  matter  of  personal  choice:  it  is  hoped 

that  the  examples  used  illustrate  clearly  the  principles  under  con¬ 
sideration. 

The  application  of  kinetics  and  thermodynamics  to  reaction  systems 
requires  some  knowledge  of  the  nature  of  the  systems  and  their  com¬ 
ponent  parts.  Up  to  the  present  time  most  biochemical  research  has 
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In  this  book  the  treatment  of  the  application  of  kinetics  and  thermn- 
ynamics  proceeds  from  the  simplest  chemical  reactions  thrm  u 
complex  biochemical  reaction  networks  to  the  whole  organism  The 
scope  of  the  material  will  be  apparent  from  the  list  of  chapter 
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Topics  discussed  include  structure  and  biochemical  function  (Chapter  1), 
energetic  coupling  and  active  transport  (Chapters  4,  6  and  8),  equilibria 
concerning  oxidation-reduction  reactions  and  phosphate  compounds 
(Chapter  4),  the  kinetics  of  open  reaction  systems  and  of  isotopic 
reactions  (Chapter  6),  a  logical  rather  than  historical  development  of 
enzyme  kinetics,  with  particular  reference  to  the  effect  of  hydrogen 
ions  (Chapter  7),  pathways  of  free  energy  (Chapter  8),  rate-determining 
processes  (Chapters  6  and  9)  and  control  of  metabolism  (Chapter  9). 
Chapter  9  deals  also  with  the  application  of  kinetics  to  the  whole 
organism:  it  illustrates  the  extreme  limit  to  which  physico-chemical 
concepts  have  been  extended  in  the  treatment  of  reaction  systems  the 
components  of  which  are  scarcely,  if  at  all,  understood. 

In  bringing  together  this  wide  range  of  material  it  is  hoped  that 
we  have  been  able  to  demonstrate  the  contribution  of  physical  chemistry 
to  biochemistry  up  to  the  present  time  and  to  indicate  ways  in  which 
its  application  may  help  in  the  solution  of  some  of  the  difficult  problems 
which  still  confront  the  biochemist  in  his  attempt  to  account  for  the 
behaviour  of  the  living  organism. 

Grateful  acknowledgement  is  made  to  the  many  investigators  whose 
publications  have  provided  much  of  the  material  on  which  this  book 
is  based  and  to  numerous  authors  whose  reviews  and  discussions  have 
facilitated  its  preparation.  Not  all  of  these  are  mentioned  by  name  m 
the  text  since  the  bibliography  has  been  limited  and  in  general  refers 
to  publications  which  serve  as  sources  of  larger  numbers  of  relevant 
references.  We  are  very  grateful  also  to  many  colleagues  and  friends 
who  have  helped  us  in  various  ways  during  the  preparation  of  this 
book  Dr  W  V  Thorpe  read  the  manuscript  at  various  stages  and 
gave  us  much  advice  and  help  in  its  preparation  for  the  piess.  Dr 
Sybil  P.  James  read  the  book  in  manuscript  and  in  proof  and  offeied 
us  many  helpful  suggestions.  Drs.  K.  S.  Dodgson,  B.  Spencer, 
G.  Tolley  and  J.  E.  Gregory  read  and  criticised  the  ma™scnpt  and 
Dr  M  L  Johnson  and  Mr.  Michael  Abercrombie  read  Chapter  9. 
We  wish  to  express  our  thanks  to  Dr.  J.  W.  Baker  for  giving  us  access 
to  his  results  before  publication  and  for  allowing  us  to  use  the  photo 
graph sTeprod uced  mTig.  19  and  to  Dr.  K.  S.  Dodgson  and  B.  Spence, 
for  information  about  their  results  and  for  Fig.  51.  We  am  gra 
to  Miss  Joan  Parkes  for  drawing  some  of  the  dia8ra  0ur 

Mr.  H.  B.  Evans  for  help  with  ^preparation  ^ 

thanks  are  due  to  P °  Dr°L  R  G TreloaV  and  Mr.  A.  G.  Ward  for 

pe7"tdo  reproduce  illustrations  from  Mr £ 
to  Dr.  V.  Massey  for  information i  about .  c »  f  ^  698Cambridge 

Clarendon  Press  kindly  lent  blocks  of  Figs. 
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University  Press  those  of  Figs.  27,  35  and  47  and  the  publishers  of 
Endeavour  that  of  Fig.  13.  Finally,  we  have  been  greatly  encouraged 
by  the  courteous  help  given  to  us  by  Mr.  J.  Rivers  and  Mr.  A.  S. 
Knightley  of  Messrs.  J.  &  A.  Churchill:  this  has  considerably  lightened 
the  burden  of  the  later  stages  in  the  preparation  of  the  book. 

H.  G.  Bray 
K.  White 
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SYMBOLS,  ABBREVIATIONS  OF  CHEMICAL  NAMES 
AND  CONVENTIONS 


a  fraction  of  enzyme  bound  in 
enzyme-substrate  complex 
A  area 

C  molecule  of  enzyme-substrate 
complex 

D  diffusion  coefficient 
e  electron  (unit  negative  charge) 
E  enzyme  molecule 
E  energy:  particular  types  of 
energy  are  denoted  by  suffixes, 

e-g- 

Eact  energy  of  activation 
E  electromotive  force 
f  activity  coefficient 
F  Helmholtz  free  energy 
F  Faraday  unit 
g  osmotic  coefficient 
G  Gibbs  free  energy  (thermo¬ 
dynamic  potential),  designated 
free  energy 

AG  change  in  free  energy  (free 
energy  of  reaction):  particular 
conditions  are  denoted  by 
modified  symbols,  e.g. 

AG°  standard  free  energy  of  re¬ 
action 

AG5  free  energy  of  reaction  under 
specified  conditions 
h  Planck  constant 
H  heat  content  (enthalpy) 
k  specific  rate  constant 
k  Boltzmann  constant 
K  concentration  equilibrium  con¬ 
stant:  particular  cases  are 
denoted  by  superior  or  inferior 
symbols,  e.g. 

Ks  dissociation  constant  of  en¬ 
zyme-substrate  complex 


K*  equilibrium  constant  for  acti¬ 
vation  of  initial  reactants 
K'  activity  equilibrium  constant 
Km  Michaelis  (steady  state)  con¬ 
stant 

/  length,  subsidiary  quantum 
number 

L  lag  time  in  bacterial  growth 
A  wavelength,  coefficient  of  inter¬ 
action 

m  mass  of  particle,  magnetic 
quantum  number 
M  mass,  molecular  weight 
H  chemical  potential:  particular 
cases  are  represented  by  modi¬ 
fied  symbols,  e.g. 

/ig  standard  chemical  potential  of 
solute  S 

fi0  chemical  potential  of  solvent 
n  number  of  particles,  principal 
quantum  number 
N  Avogadro  number 
p  pressure 

P  permeability  coefficient,  proba¬ 
bility  factor 

P  molecule  of  product  of  en¬ 
zymic  reaction 
77  differentiation  potential 
If  osmotic  pressure 
V  electrical  potential 
q  quantity  of  heat 
R  gas  constant 
s  spin  quantum  number 
s  specific  activity  of  radioactive 
species 

S  substrate  molecule 
S  entropy 
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XU  SYMBOLS  AND  ABBREVIATIONS 


t 

time 

V 

volume 

T 

temperature  (absolute) 

w 

quantity  of  work 

u 

velocity  of  particle 

x,  y,  z 

Cartesian  co-ordinates 

V 

velocity  of  reaction 

2 

electrical  charge 

^maoc 

maximum  velocity  of  enzymic 

z 

molecule  of  second  substrate 

reaction 

in  enzymic  reaction 

V 

turnover  rate 

z 

collision  number 

ABBREVIATIONS  OF 

CHEMICAL  NAMES 

ADP 

adenosine  diphosphate 

FAD 

flavin  adenine  dinucleotide 

AMP 

adenylic  acid  (adenosine  mono¬ 

P 

phosphate  radical 

phosphate) 

ppt- 

pyrophosphate  ion 

A.  SH 

co-enzyme  A  (CoA) 

TPN+, 

TPNH  triphosphopyridine  nu¬ 

Cr 

creatine 

cleotide  (co-enzyme  II),  oxi¬ 

ATP 

adenosine  triphosphate 

dised  and  reduced  forms 

CrP 

creatine  phosphate 

T  PP 

thiamine  pyrophosphate 

DPN+,  DPNH  diphosphopyridine  nu¬ 


cleotide  (co-enzyme  I),  oxidised 
and  reduced  forms 

Concentration  and  Activity  Conventions 

When  general  examples  are  considered,  e.g.  substances  A,  B,  S,  italic  lower 
case  letters  are  used,  i.e.  a,  b,  s  for  concentrations  and  a\  b\  s'  for  activities.  For 
particular  substances  or  ions  squared  brackets,  e.g.  [HC1],  denote  concentrations 
and  ordinary  brackets  activities,  e.g.  {NaCl}. 
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ATOMS  AND  MOLECULES 


In  the  course  of  its  short  history  biochemistry  has  been  able  to 
account  for  so  many  aspects  of  living  processes  at  a  molecular  level 
that  there  appears  to  be  no  reason  to  regard  the  fundamental  units 
from  which  living  material  is  constructed  as  differing  in  any  way  from 
those  of  inanimate  material.  It  is  therefore  appropriate  to  begin  this 
account  by  considering  the  general  structure  of  matter. 

Although  the  concept  of  matter  as  an  assembly  of  discrete,  minute 
particles  can  no  longer  account  adequately  for  all  aspects  of  its  be¬ 
haviour,  this  idea  has  been  of  great  value  in  the  development  of  both 
physics  and  chemistry.  Atoms  and  molecules  themselves  remain 
abstractions,  but  it  seems  certain,  in  the  light  of  evidence  provided  by 
experimental  physics,  that  it  is  often  justifiable  to  regard  matter  as 
having  a  discrete  fine  structure.  For  support  of  this  point  of  view  it 
is  necessary  to  consider  only  the  tracks  of  a-particles  in  the  cloud 
chamber,  the  scintillations  caused  by  the  impact  of  protons  on  a 
zinc  sulphide  screen.  Brownian  movement  or  the  evidence  of  X-ray 
crystallography  and  electron  microscopy. 

The  most  successful  theory  of  atomic  structure  based  on  the  corpus¬ 
cular  theory  of  matter  is  expressed  in  the  Bohr-Rutherford  atom. 
This  atomic  model  can  be  compared  with  the  solar  system,  the  central 
nucleus  comprising  virtually  all  the  mass  of  the  atom  and  consisting 
of  protons  and  neutrons,  while  electrons  circulate  around  it  in  definite 
orbits  which  are  arranged  in  groups  termed  shells.  The  numbers  of 
protons,  neutrons  and  electrons  in  an  atom  are  characteristic  of  each 
element,  the  number  of  protons  indicating  the  atomic  number,  i.e. 
the  nuclear  chaige.  In  proceeding  through  the  list  of  elements  as  given 
in  the  periodic  table  the  atomic  number  increases  unitwise,  the  number 
of  neutrons  present  also  increasing  to  give  the  appropriate  atomic 
weights.  Most  elements  as  they  occur  in  nature  are  not  composed  of 
single  species  of  atoms,  but  are  mixtures  of  isotopes  which  differ  only 
in  their  nuclear  mass.  The  nuclear  charges  and  the  numbers  of  planetary 
electrons  are  the  same  for  all  isotopes  of  a  given  element.  Isotopes 
have  integral  atomic  weights  (if  the  small  ‘packing  fraction’  is 

not  Weera|thH  We'?ht  °f  3  n3tUral  element.  which  is  usually 

not  integral,  depending  on  its  isotopic  composition.  1 

The  orbits  in  which  electrons  circulate  are  regarded  as  energy  levels 
an  electron  occupying  any  given  orbit  having  associated  wlh  utn 
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amount  of  potential  energy  which  is  characteristic  of  the  orbit.  The 
further  an  orbit  is  from  the  nucleus,  the  greater  the  amount  of  energy 
associated  with  it.  Electrons  may  move  from  one  orbit  to  another, 
towards  or  away  from  the  nucleus,  and  in  doing  so  emit  or  absorb 
definite  amounts  of  energy  which  are  given  by  the  equation 

E'~  E"  =  hv 

where  E'  and  E"  are  the  potential  energies  of  the  two  levels,  h  is 
Planck's  constant  and  v  the  frequency  of  the  electromagnetic  radiation 
absorbed  or  emitted.  Displacements  of  electrons  in  different  regions 
of  the  extra-nuclear  atom  give  rise  to  different  types  of  spectrum, 
e.g.  visible,  X-ray,  ultraviolet.  Information  about  the  arrangement 
of  the  electrons  may  be  obtained  by  studying  these  spectra.  The 
electrons  in  an  atom  are  not  all  equivalent,  but  are  described  in  terms 
of  four  quantum  numbers  which  may  have  only  certain  values.  The 
principal  quantum  number  (/?)  defines  the  group  of  orbits  (shell)  in 
which  an  electron  is  located.  It  can  have  the  values  1,2,3  etc.... 
The  shell  for  which  n  =  1  is  termed  the  K  shell,  that  for  which  n  —  2 
the  L  shell  and  so  on  for  the  M,  N,  O,  P  and  Q  shells.  The  subsidiary 
or  azimuthal  quantum  number  (/)  defines  the  orbits  within  a  shell  in 
terms  of  their  eccentricity  (i.e.  the  ratio  of  the  lengths  of  their  long  and 
short  axes)  or  the  angular  momentum  of  electrons  circulating  in  them. 
This  quantum  number  can  have  values  0, 1, 2  ...  (n  —  1):  the  orbits  are 
designated  s,  p,  d,  f,  corresponding  to  values  of  /  of  0,  1,  2  and  3, 
respectively.  The  magnetic  quantum  number  (m)  accounts  for  the 
splitting  of  spectral  lines  which  occurs  when  a  magnetic  field  is  applied 
to  the  source  responsible  for  the  spectrum.  It  can  have  integral  values 
ranging  from  -1  to  1.  The  spin  quantum  number  (5)  defines  the 
direction  in  which  the  electron  spins  on  its  own  axis.  It  can  have  a 
value  of  +$  or  —  \  for  each  combination  of  values  of  /?,  /  and  m. 

Quantum  numbers  have  a  precise  significance  in  that  they  have 
been  identified  with  terms  which  occur  in  expressions  derived  mathe¬ 
matically  for  such  quantities  as  energy  and  angular  momentum.  The 
limited  number  of  values  they  may  have  is  a  result  of  the  application 
of  the  quantum  theory  to  these  properties.  According  to  the  quantum 
theory  the  energy  of  a  system  of  fundamental  particles  varies  dis- 
continuously.  as§wi,h  the  energy  levels  of  the  Bohr-Ruther ford  a  on. 
The  energies  of  these  quantum  states  are  related  also  to  the  solut 
of  wave  equations  which  will  be  considered  later  (p.  ).  ,  • 

In  addition  to  the  quantum  rules  already  described  the  exclusion 
principle  of  Pauli  must  be  taken  into  account.  This  states  t that  . 
electrons  can  have  four  identical  quantum  numbers  The  number  ot 
electrons  which  can  be  accommodated  in  any  shell  is  therefore  limited, 


quantum  numbers  j 

as  shown  in  Table  1.  It  can  be  seen  that  two  electrons  can  occupy 
the  same  orbit  as  long  as  their  spin  quantum  numbers  are  of  opposite 
sign.  This  is  termed  the  ‘pairing’  of  electrons.  Thus  three  quantum 
numbers  are  required  to  define  an  orbit  and  four  to  define  an  electron. 
The  total  possible  number  of  electrons  in  a  shell  is  given  by  2 n  ,  so 
that  the  K,  L,  M  and  N  shells  can  accommodate  up  to  2,  8,  18  and  32 
electrons,  respectively. 


TABLE  1 


Quantum  numbers  of  electrons  in  shells 

SHELL  )l 

ORBIT 

/ 

m 

.V  NUMBER  OF  ELECTRONS  TOTAL  NUMBER  OF  ELEC- 

IN  ORBIT 

TRONS  IN  SHELL 

K  I 

S 

0 

0 

1 

?  2 

2 

0 

0 

1 

2 

L  2 

S 

0 

0 

1  i 

2  T 

0 

0 

1  Z 

2 

P 

1 

0 

1 

2 

► 

8 

1 

0 

1 

2 

1 

1 

1 

1 

1 

6 

I 

2 

I 

-1 

1 

o 

1 

-1 

1 

2 

In  passing  through  the  periodic  table  from  hydrogen  to  heavier 
elements  the  electrons  are  added  one  by  one,  filling  the  orbits  in  turn, 
proceeding  outward  from  the  nucleus.  Orbits  are  occupied  by  single 
electrons  until  the  number  which  must  be  accommodated  makes 
pairing  necessary.  In  the  heavier  elements  the  sequence  is  not  regular 
and  outer  shells  may  be  occupied  before  inner  ones  are  filled.  In  the 
first  elements,  as  shown  in  Table  2,  there  is  a  degree  of  periodicity  in 
the  arrangements  of  the  electrons.  For  example,  the  atoms  with  complete 
outermost  shells  are  the  inert  gases  (helium,  neon,  argon),  those  with 
a  single  electron  in  the  outermost  shell  are  the  alkali  metals  (lithium, 
sodium,  potassium)  and  those  with  the  outermost  shell  complete  but 
for  one  electron  are  the  halogens  (fluorine,  chlorine).  An  arrangement 
with  a  complete  outermost  shell  is  associated  with  great  stability, 
as  is  reflected  by  the  low  chemical  reactivity  of  the  inert  gases. 


Electronic  Theory  of  Valency 

One  of  the  most  important  properties  of  the  chemical  elements  is 
their  ability  to  unite  to  form  compounds.  Atoms  unite  in  a  rational 
manner  according  to  rules  based  on  the  fact  that  each  atom  has  a 
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definite  capacity  for  combination.  This  capacity  is  termed  valence  or 
valency  and  is  expressed  as  the  number  of  atoms  of  unit  valency  with 
which  an  atom  can  combine. 

The  common  chemical  properties  of  elements  depend  chiefly  on 
the  arrangement  of  the  electrons  around  the  nucleus  and  especially 
of  those  in  the  outermost,  or  valence,  shell.  The  electronic  theory 
of  valency  relates  the  combining  power  of  atoms  to  their  tendency, 


TABLE  2 


Arrangement  of  electrons  in  atoms 


ELEMENT 

ATOMIC 

K 

L 

NUMBER 

. - 

— > 

s 

s 

P 

H 

1 

1 

He 

2 

2 

Li 

3 

2 

1 

Be 

4 

2 

2 

B 

5 

2 

2 

1 

C 

6 

2 

2 

2 

N 

7 

2 

2 

3 

O 

8 

2 

2 

4 

F 

9 

2 

2 

5 

Ne 

10 

2 

2 

6 

Na 

1 1 

2 

2 

6 

Mg 

12 

2 

2 

6 

A1 

13 

2 

2 

6 

Si 

14 

2 

2 

6 

P 

15 

2 

2 

6 

S 

16 

2 

2 

6 

Cl 

17 

2 

2 

6 

A 

18 

2 

2 

6 

K 

19 

2 

2 

6 

s 


1 

2 
2 
2 
2 
2 
2 
2 
2 


1 

-i 

3 

4 

5 

6 
6 


0 


N 

s 


1 

etc. 


in  forming  molecules,  to  attain  a  lull  complement  of  electrons  in  their 
valence  shells.  In  elements  of  small  atomic  number  this  complement  is 
often  eight  electrons  and  the  generalisation  is  called  the  octet  rule. 
In  these  elements  a  complete  outer  shell  may  result  from  the  loss  of 
excess  electrons  or  the  gain  of  the  extra  electrons  needed.  In  this  way 
(cf  Table  2)  it  is  possible  to  account  for  the  common  valencies  ot  the 
simpler  elements,  e.g.  one  for  the  alkali  metals  and  halogens,  two  for 
magnesium,  oxygen  and  sulphur,  three  for  nitrogen,  four  for  carbon. 
This  simple  concept  is,  however,  of  limited  applicability  and  ot  er 
factors,  such  as  the  energy  changes  involved  in  removing  electrons 
from  their  orbits,  must  be  considered  in  dealing  with  elements  of 
higher  atomic  number  which  may  have  variable  valencies. 

The  electronic  theory  of  valency  postulates  the  existence  of  several 
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types  of  bond,  corresponding  to  various  ways  in  which  a  complete 
valence  shell  may  be  obtained. 

Electrovalent  (ionic)  bond.  In  the  formation  ot  this  link  electrons 

in  excess  of  a  complete  shell  in  one  partner  are  completely  transferred 

to  an  atom  or  to  atoms  with  a  corresponding  deficiency.  This  results 

in  the  formation  of  ions,  which,  being  charged,  are  held  together  by 

electrostatic  forces.  This  is  the  condition  of  many  simple  inorganic 

compounds  in  the  solid  state,  e.g.  sodium  bromide, 

•  •  •  • 

Na-  +  -Br:  ->  Na  +  :  Br:  (Na+  Br~) 

•  •  •  • 

The  stability  of  this  link  depends  on  whether  the  amount  of  energy 
needed  to  remove  an  electron  from  one  partner  is  greater  or  smaller 
than  the  amount  of  energy  liberated  when  the  electron  combines 
with  the  other  partner.  Stable  bonds  are  formed  when  the  overall 
process  results  in  a  diminution  in  energy. 

Covalent  bond.  Two  electrons  are  involved  in  this  bond,  one  being 
provided  by  each  participating  atom:  in  this  way  the  valence  shells 
of  both  atoms  are  completed.  For  example, 

H 

4H  +  C-^H:C:H 
•  •  • 

H 

In  the  conventional  notation  of  organic  chemistry  the  single  bond 
represents  such  a  pair  of  shared  electrons.  In  covalent  bond  formation 
the  valency  of  an  atom  or  grouping  is  therefore  equal  to  the  number  of 
unpaired  electrons  in  the  valence  shell.  Double  and  triple  bonds  are 

regarded  as  involving  the  sharing  of  two  and  three  pairs  of  electrons, 
respectively. 

Semipolar,  dative  or  co-ordinate  covalent  link.  This  is  essentially  a 
covalent  bond,  since  two  electrons  are  shared,  but  both  are  contributed 
by  one  of  the  atoms  concerned  in  the  link.  Atoms  which  can  contribute 
electrons  in  this  way  are  those  with  unshared  pairs  in  the  valence  shell 
e.g.  nitrogen  and  sulphur.  A  nitrogen  atom  can  form  three  covalent 


•  IN 


links  and  one  co-ordinate  link  and  a  sulphur  atom  two  covalent  and  two 
co-ordinate  links.  The  co-ordinate  link  is  often  symbolised  by  an 
arrow  pointing  away  from  the  donor  atom,  thus 

O 

f 

R — O — S — O — H 

I 

O 
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Co-ordinate  links  have  a  polar  character  because  the  atom  contri¬ 
buting  two  electrons  is  positively  charged  relative  to  the  atom 
receiving  the  electrons.  Thus  the  structure  of  the  above  ethereal 
sulphate  may  be  written 

Od~ 

R — O — S— O — H 

o6- 

The  polar  character  of  such  molecules  is  accompanied  by  an  uneven 
sharing  of  the  bonding  electrons  which  is  the  basis  of  the  so-called 
inductive  effect  (cf.  p.  145).  This  effect  may  also  be  caused  by  sub¬ 
stituents  which,  on  account  of  their  electron  affinities,  induce  charges 
on  adjacent  atoms.  The  resulting  electron  drift  may  be  propagated 
through  carbon  chains  and  may  influence  the  properties  of  groupings 
in  other  parts  of  the  molecule. 

Another  type  of  co-ordinate  link  occurs  in  the  so-called  ‘co-ordi¬ 
nation’  compounds.  In  these  a  central  metal  atom,  e.g.  iron,  copper, 
cobalt,  is  attached  to  several  atoms  or  radicals,  usually  four  or  six 
in  number.  The  valency  of  the  metal  as  shown  in  its  ions  and  in  simple 
molecules  is  exceeded,  since  its  atoms  accept  and  accommodate 
electrons  from  the  co-ordinated  molecules.  For  example,  monovalent 
copper  can  form  co-ordination  compounds  with  two  or  four  atoms  or 
radicals  and  divalent  copper  with  four;  both  di-  and  tri-valent  iron 
can  co-ordinate  six  groups,  as  in  haem  derivatives. 


Wave  Theory  of  Matter 

The  electronic  theory  of  valency  can  be  regarded  as  providing  only 
an  approximate  explanation  of  the  way  in  which  atoms  unite  to  form 
molecules  and  of  the  nature  of  the  bonds  formed.  Its  explanation  of 
electrovalency  is  probably  adequate,  but  a  detailed  consideration  o 
linkages  which  involve  electron-sharing  requires  a  different  approac 

which  is  based  on  wave  mechanics. 

In  the  Bohr-Rutherford  atomic  model  the  election  is  comparable 
with  a  planet  in  the  solar  system,  and  many  aspects  of  its  behavioui 
can  be  freated  on  this  assumption.  Since  1924,  however,  evidence  has 
been  obtained  that  electrons  behave  as  if  they  were  a  form 
de  Broglie  suggested  that  moving  particles  such  as  electrons  have 
waves  associated  with  them  or  behave  as  if  they  were  a  tram  of  waves 
having  a  wavelength  (2)  given  by  h/mu,  where  A  is  the  Planck 
and  mu  the  momentum  of  the  particle.  In  1927  Davisson  and  Geimer 
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obtained  experimental  support  for  this  idea:  a  stream  of  electrons  was 
diffracted  by  a  nickel  crystal  and  the  calculated  value  of  the  wave¬ 
length  found  to  agree  with  that  expected  using  de  Broglie’s  equation. 
Schrodinger  suggested  that  the  movement  of  electrons  round  a  nucleus 
can  be  expressed  in  terms  of  wave  equations.  The  equation  for  a 
single  electron  is 


d2ip  d2w  d2y)  87 i2m  .  A 

4  +  4  +  ^  +  ^r(W~  )w  = 


(i) 


where  x,  y  and  2  are  the  Cartesian  co-ordinates,  m  the  mass  of  the 
electron,  h  the  Planck  constant  and  W  and  V  the  total  and  potential 
energies,  respectively,  of  the  electron.  y>  is  termed  the  wave  function 
of  the  electron:  ip2  may  be  taken  as  the  probability  of  finding  the 
electron  at  any  given  point  and  is  thus  a  measure  of  electron  distri¬ 
bution.  The  maximum  probability  corresponds  to  what  is  called  the 
‘position’  of  the  electron  in  the  Bohr-Rutherford  model.  ip  may  also 
be  regarded  as  describing  the  path  of  the  electron  over  a  long  period 
of  time  and  is  usually  called  an  orbital.  In  solving  equation  (1)  for  ip  it 
is  found  that  meaningful  (i.e.  finite,  single-valued,  continuous) 
solutions,  representing  physically  possible  states,  are  obtained  only 
when  W  has  certain  values  (‘eigenvalues’).  This  condition  corresponds 
to  Bohr  s  suggestion  of  the  existence  of  discrete  energy  levels  and  is 
a  mathematical  expression  of  the  fundamental  idea  of  the  quantum 
theory. 


The  orbitals  of  the  wave  theory  are  described  in  a  way  similar  to 
the  orbits  of  the  Bohr-Rutherford  atom.  The  principal  quantum 
number  («)  expresses  the  size  of  the  orbital:  the  greater  its  value,  the 
larger  the  orbital.  The  subsidiary  quantum  number  (/)  expresses  the 
shape  of  the  orbital:  s  orbitals,  for  which  /  =  0,  are  spherically  sym¬ 
metrical,  while  p  orbitals  (/=  1)  are  axially  symmetrical  and  are 
termed  p  p  and  p,  orbitals,  according  to  the  Cartesian  co-ordinate 

bff0re’  °rbitals  can  each  accommodate  two  paired 
ectrons.  Orbitals  and  the  electrons  associated  with  them  have  a 

aractensmc  energy  which  is  approximately  inversely  proportional 
o  the  work  required  to  remove  electrons  from  the  orbitals  (i  e 
ionization  potentials).  The  sequence  of  orbital  energies  is  ( 


Is  <2s  <2p  <3s  <3p  <3d  etc. 

JxhaemDl«b°n^Sed  l°  def  ribf  eleetrons  are  illustrated  by  the  following 
P  •  (Is)  means  that  there  are  two  electrons  in  the  s  orhitak 
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are  added  one  by  one  to  the  available  levels.  Thus  Is,  (Is)2,  (ls)22s, 
(ls)2(2s)2,  (ls)2(2s)22p  represent  the  first  five  elements  in  the  periodic 
table:  oxygen  is  represented  as  (ls)2(2s)2(2p)4.  Other  rules  are  applied 
to  decide  which  of  equivalent  orbitals  (e.g.  px,  py  or  p,)  is  occupied: 
reference  has  already  been  made  to  the  rule  which  states  that  until 
pairing  is  necessary  orbitals  are  occupied  by  only  one  electron. 


Wave  Functions  of  Molecules 

On  account  of  the  complexity  of  the  mathematics  involved,  wave 
equations  can  be  applied  in  full  to  only  the  simplest  systems,  whereas 
in  considering  covalent  bonds  complex  systems  may  be  concerned. 
It  is,  however,  possible  to  apply  the  fundamental  ideas  to  the  general 
problem  of  two  electrons  moving  in  the  field  of  two  nuclei,  i.e.  in  what 
may  be  called  molecular  orbitals,  making  various  assumptions  and 
approximations,  and  in  this  way  to  approach  somewhat  more  closely 
to  an  understanding  of  the  formation  and  properties  of  covalent  bonds. 
The  wave  function  of  such  systems  can  be  expressed  approximately  as 
a  combination  of  the  wave  functions  of  each  electron.  This  has  been 

done  in  two  ways. 

The  first  approach  was  developed  by  Heitler  and  London,  Slater 
and  Pauling,  among  others.  From  a  consideration  of  the  potential 
energy  of  two  atoms  each  with  a  single  electron  it  was  found  that  if 
the  spins  of  the  electrons  are  in  opposite  senses  (s  =  +*or-?) 
interaction  can  occur  and  both  electrons  can  be  accommodated  m 
the  orbitals  of  either  atom.  A  stable  bond  is  thus  formed.  The  wave 
function  of  the  system  is  expressed  as  a  combination  of  the  atomic 
orbitals  of  the  electrons,  each  of  which  is  regarded  as  being  associated 
with  one  of  the  nuclei  as  was  the  case  in  the  isolated  atoms.  The 

combined  function  is  of  the  form  wWb  +  VaVb.  where  A  and  ® 
nuclei  and  I  and  II  electrons.  The  use  of  this  convention,  which  is 
known  as  the  valence  bond  treatment,  leads  to  a  satisfactory 
pretation  of  the  covalent  bond  in  that  the  calculated  electron  density 

is  in  accord  with  the  conventional  idea  of  the  bond-  Couison 

In  the  molecular  orbital  approach  used  by  Mulliken  Hund,  Coulson 
and  o  l  e™  the  orbitals  are  considered  to  belong  to  the  motet,  e  as. 
whole.  The  ‘aufbau’  principle  is  applied  to  molecule > n  exact lyjUte 
same  way  as  to  atoms.  A  composite  nucleus  is  visualised,  together  with 
of  molecular  orbitals:  electrons  are  fed  in  successively  to  form 
shells  similar  to  those  occurring  in  isolated  atoms.  Electrons  m  m 

s  oam.  ... 

» .fin-.  ■*.> 
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orbitals 

atomic 


electrons  being  of  the  form 

(V>!+  VbXVa  +  Vb)»  i-e-  vWb  +  VaV’b  +  TaVk 

If  the  two  methods  of  considering  molecules  are  compared  it  is  seen 
that,  in  its  simplest  form,  the  valence  bond  treatment  does  not  take 
into  account  ionic  states  in  which  both  electrons  are  in  the  neighbour¬ 
hood  of  one  nucleus,  while  the  molecular  orbital  treatment,  in  giving 
these  the  same  weight  as  the  non-ionic  states,  may  over-emphasise 
their  significance.  If  the  appropriate  corrections  are  applied  it  is  found 
that  the  two  approaches  lead  to  similar  conclusions.  Both  methods  are 
only  approximate,  but  simplifications  of  this  kind  are  necessary  if  any 
treatment  of  these  problems  is  to  be  practicable. 


Bond  Formation 


When  a  system  is  formed  from  component  parts  it  is  a  general 
principle  that  the  most  stable  system,  and  hence  that  which  will  nor¬ 
mally  be  formed,  is  the  one  with  the  minimum  energy.  The  formation 
of  a  covalent  bond  between  two  atoms  can  be  regarded  as  the  formation 
of  a  molecular  orbital  from  two  atomic  orbitals.  For  a  stable  bond 
to  be  formed  the  energy  of  the  molecular  orbital  must  be  less  than  that 
of  the  two  atomic  orbitals  together  and  the  greater  the  difference  the 
more  stable  the  bond.  This  energy  difference  is  called  the  binding  energy 
and  is  found  to  be  greatest  when  the  atomic  orbitals  have  comparable 
energies  and  to  increase  the  more  the  orbitals  overlap.  Bonds  are 
most  readily  formed  in  those  directions  in  which  maximum  overlap 
is  possible.  The  directional  nature  of  bonds  forms  the  basis  of  stereo¬ 
chemistry,  the  importance  of  which  in  biochemistry  will  be  discussed 
later  in  this  chapter  (p.  20).  It  is  found  that,  in  general,  only  the 
valence  shells  of  atoms  are  concerned  in  bond  formation.  The  capacity 
of  an  atom  for  covalent  bond  formation  is  due  to  its  having  a  single 
electron,  no  electron  at  all  or  a  ‘lone  pair’  of  electrons  in  a  bonding 
orbital.  As  was  mentioned  above  (p.  7),  s  orbitals  are  spherically 
symmetrical,  while  the  three  p  orbitals  are  directed  along  and  are 
symmetrical  about  the  Cartesian  axes,  p  orbitals  can  thus  overlap 
more  effectively  than  other  atomic  orbitals  and  hence  form  more 

stable  bonds.  Bonds  involving  d  orbitals  are  of  no  great  importance 
in  organic  chemistry. 


The  molecular  orbitals  of  a  diatomic  molecule  can  be  regarded  as 
embracing  the  whole  molecule.  In  polyatomic  molecules  this  is  not 
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necessarily  the  case  and  bonds  may  be  considered  as  due  to  the  presence 
of  paired  electrons  in  the  locality  of  only  the  two  nuclei  concerned, 
so  that  the  molecule  can  be  regarded  as  an  assembly  of  diatomic 
molecules.  The  bonds  in  such  molecules  are  termed  localised. 

Let  us  consider  the  valency  of  the  carbon  atom.  Classically  it  is 
considered  that  the  four  valences  are  equivalent  and  directed  towards 
the  corners  of  a  regular  tetrahedron  placed  symmetrically  about  the 
carbon  atom.  The  bonding  electrons  of  the  carbon  atom  occupy  one 
s  and  three  p  orbitals.  It  might  therefore  be  expected  that  a  carbon 
atom  would  form  one  weak  and  three  strong  bonds.  In  fact  the  four 
valences  of  carbon  are  equivalent.  It  follows  that  the  bonding  orbitals 
of  the  carbon  atom  prepared,  as  it  were,  for  bond  formation  (such 
atoms  are  said  to  be  in  the  valence  state)  must  be  different  from  the 
atomic  orbitals.  The  bonding  orbitals  are  considered  to  be  hybrid 
orbitals,  formed  by  combination  of  the  wave  functions  of  the  four 
atomic  orbitals,  giving  four  equivalent  and  tetrahedrally-directed 
wave  functions.  The  resulting  orbitals  are  termed  a  or  sp3  hybrid 
orbitals  and  are  capable  of  strong  localised  o--bond  formation.  The 
electrons  responsible  for  a-bonds  are  localised  symmetrically  about 
a  line  joining  the  nuclei. 

The  above  account  applies  to  the  carbon  atom  in  saturated  com¬ 
pounds.  Combination  can  also  take  place  between  the  s  and  two  of  the 
p  orbitals  to  form  three  hybrid  a-  or  sp2  orbitals.  The  remaining  p 
orbital  is  then  termed  a  77-orbital.  A  carbon  atom  in  this  state  is  said 
to  be  trigonally  hybridised.  When  two  trigonal  carbon  atoms  are 
linked  by  means  of  er-orbitals,  i.e.  by  a  cr-bond,  the  77  elections,  provided 
that  their  spins  are  in  opposite  senses,  can  also  form  a  bond  (7r-bond). 
The  resulting  (<r  +  7r)-bond  between  the  carbon  atoms  corresponds 
to  the  classical  double  bond  in  such  compounds  as  ethylene  and 


oleic  cicid 

Hybridisation  can  also  occur  between  the  s  orbital  and  one  of  the 
p  orbitals  to  give  a  digonal  carbon  atom  with  two  <r-  or  sp  and  two 
77-orbitals.  Considerations  of  the  same  kind  as  those  applied  to  the 
double  bond  lead  to  the  conclusion  that  the  triple  bond  between  two 

carbon  atoms,  as  in  acetylene,  is  a  (a  +  27r)-bond. 

Atoms  of  other  elements  (e.g.  nitrogen,  oxygen)  may  form  hybrid 


It  is  clear  that  the  conventional  way  of  writing  chemical  formulae, 
particularly  those  of  double-  and  triple-bonded  structures,  is  ofte 
not  a  satisfactory  expression  of  the  chemical  nature  of  the  compou1  d 
depicted  since  it  is  not  in  accord  with  modern  ideas  of  the  natu 

chemical  bonds.  This  is  well  illustrated  by  compounds  with  conjugated 

double  bond  systems,  i.e.  alternate  single  and  double  bonds,  as 
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benzene  and  butadiene. 


ch2=ch— ch=ch2 

In  these  the  77  electrons  give  rise  to  non-localised  bonds  which  may 
extend  over  the  whole  molecule  if  it  is  planar,  as  in  the  case  of  ?enzei  . 
The  electrons  in  such  bonds  belong  to  the  whole  molecule  in  much 
the  same  way  as  those  in  a  piece  of  metal  belong  to  a  whole  crysta  . 
This  property  provides  the  basis  for  an  explanation  of  the  ready  propa- 
gation  of  electrical  effects  through  conjugated  molecules  (cf.  P- 
and  for  the  stability  of  ring  systems.  There  is  also  a  link  here  with  the 


R 


O 


NH, 


O- 


Fig.  1  Canonical  forms  of  carboxylic  acid  and  urea 


theory  of  resonating  structures.  The  extra  stability  of  compounds 
which  are  considered  to  display  resonance  is  attributed  to  ‘resonance 
energy’  which  has  been  identified  with  the  increase  in  binding  energy 
of  bonds  as  they  become  de-localised  (energy  of  de-localisation). 


Resonance 

The  idea  of  resonance  or  mesomerism  was  introduced  to  account 
for  discrepancies  between  the  observed  properties  of  compounds  and 
those  which  would  be  expected  from  inspection  of  their  conventional 
formulae.  Compounds  displaying  such  discrepancies  are  said  to  be 
resonance  hybrids  of  various  structures  which  can  be  represented  by 
conventional  structural  formulae  (canonical  structures).  Examples 
are  carboxylic  acids  and  urea,  which  resonate  between  such  structures 
as  those  shown  in  Fig.  1 . 

Several  conditions  must  be  fulfilled  if  resonance  is  to  be  possible. 
For  instance,  the  canonical  forms  must  be  such  that  the  atomic  nuclei 
occupy  virtually  the  same  positions  in  all  of  them.  This  condition 
differentiates  resonance  from  tautomerism  and  isomerism 
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In  considering  resonance  from  the  viewpoint  of  wave  mechanics 
the  fundamental  assumption  is  that  the  actual  structure  of  a  system  is 
that  having  the  greatest  stability  and  hence  the  smallest  energy. 
According  to  the  valence  bond  approach,  if  a  system  can  be  represented 
by  two  alternative  wave  functions,  y>i  and  y)2,  its  actual  structure  will 
correspond  to  that  combination  of  the  two  functions  which  has 
minimum  energy,  i.e. 

y,  =  a  Vi  +  by) 2  (2) 


where  a  and  b  are  constants  with  the  values  necessary  for  this  con¬ 
dition  to  be  fulfilled.  The  same  type  of  equation  applies  when  there 


vx  v2  v>3  y>i 

Fig.  2  Canonical  forms  of  benzene 

are  more  than  two  contributing  structures.  In  the  case  of  benzene  the 
chief  canonical  structures  may  be  taken  as  those  shown  in  Fig.  2, 
and  the  wave  function  calculated  to  be 


ip  =  0*62 (Vi  -F  V2)  "F  0,27('Vj  4"  W4  ”F  %) 

The  energy  of  a  resonating  system  is  less  than  that  of  its  most  stable 
canonical  form  by  an  amount  of  energy  termed  the  resonance  energy 
This  is  usually  calculated  as  the  difference  between  the  observed  and 
theoretical  heats  of  combustion,  the  latter  being  taken  as  the  sum  o 
the  mean  bond  energies  (p.  76).  Examples  are  given  in  Table  3.  It 
has  been  suggested  that  the  energy  of  a  covalent  bond  consists  large  y 
f  thp  resonance  energy  of  the  two  electrons  between  the  two  nuclei. 
The  higher  the  resonance  energy,  the  more  stable is  th^^ffSimfiarly 
the  greater  the  resonance  energy  of  a  compound,  the  greater  is 

“Fn'eauation  (2)  if  one  of  the  wave  functions  has  an  energy  much 
.reate^thln  that  of  the  other,  its  coefficient  will  be  very  small  and 
fn  the  limit  will  approach  zero:  in  such  a  case  a  single  convention 
representation  will  adequately  account  for 

and  no  conventional  formula  will  be  adequate.  tautomeric 

It  should  be  emphasised  ^conventional  formulae 

mixture.  Tautomers  can  be  represented  dy 
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TABLE  3 

Calculated  and  observed  heats  of  combustion  of  non-resonating  and 
resonating  compounds  (Wheland,  1944). 


HEAT  OF  COMBUSTION 

(kcal./mole) 

RESONANCE  ENERGY 

COMPOUND 

CALCULATED  OBSERVED 

(kcal./mole) 

Non-resonating 

Methane 

213 

213 

Ethylene 

332 

337 

Ethanol 

337 

337 

Diethyl  ether 

663 

660 

Resonating 

Benzene 

829 

788 

41 

Toluene 

986 

945 

41 

Phenol 

795 

745 

50 

Formic  acid 

92 

74 

18 

Urea 

208 

167 

41 

Carbon  dioxide 

33 

0 

33 

and  are  actually  interconvertible  isomers  which  may  sometimes  be 
separated  chemically.  The  tautomeric  compounds  most  commonly 
met  in  biochemistry  are  keto-enol  compounds, 

R — CH  o — CH=0  R — CH=CH — OH 

keto  form  enol  form 


e.g.  pyruvic,  oxaloacetic  and  uric  acids.  A  tautomeric  substance  can 
be  regarded  as  an  equilibrium  mixture  of  isomers,  but  a  resonating 
compound  consists  of  only  one  species  which  is  intermediate  between 
the  canonical  forms  concerned.  The  bonds  shown  in  the  conventional 
formulae  of  the  canonical  forms  are  extreme  and  limiting  types  of 
bond;  the  actual  bonds  are  intermediate  in  nature.  Thus  in  a  carboxylic 
acid  the  bond  between  the  carbon  atom  and  the  oxygen  atom  of  the 
hydroxyl  group  is  intermediate  between  a  single  bond  and  a  ketonic 
double  bond.  No  way  of  writing  constitutional  formulae  yet  suggested 
meets  all  the  criticisms  of  the  conventional  method  which  have  been 
made  and  in  continuing  to  use  the  familiar  system  interpretations 
of  detail  must  allow  for  modern  developments  in  our  knowledge  of 
the  nature  of  the  chemical  bond. 


Comparing  the  two  ways  of  considering  the  covalent  bond,  it  can 
be  seen  that  the  use  of  canonical  forms  emerges  naturally  from  the 
atomic  orbital  approach  to  molecular  structure,  while  the  mesomeric 
or  intermediate  resonance  hybrid  corresponds  to  the  single  structure 
prescribed  by  the  molecular  orbital  theory. 
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The  importance  of  resonance  phenomena  in  biochemistry  is  due  to 
their  role  in  determining  the  stability  of  molecules.  For  example, 
Kalckar  (1943-4)  has  suggested  that  the  stability  of  intermediates 
formed  during  enzymic  processes  depends  on  their  resonance  properties. 
It  has  also  been  suggested  that  the  phenomenon  of  ‘opposing  resonance’ 
is  responsible  for  the  high  free  energies  of  hydrolysis  of  some  bio- 
logically-important  phosphate  compounds  (p.  18). 


The  Hydrogen  Bridge 

While  a  hydrogen  atom  can  form  only  one  covalent  bond,  consid¬ 
eration  of  the  behaviour  of  certain  compounds  leads  to  the  conclusion 
that,  in  some  circumstances,  it  can  form  bridging  links  between  two 
atoms.  It  is  considered  that  this  type  of  bonding  is  due  to  electrostatic 


Fig.  3  Hydrogen  bridges  in  formic  acid,  polypeptides  and  or/Ao-substituted  phenols 

forces  two  electronegative  atoms  attracting  a  proton  which  thus 
forms’ a  type  of  bridge,  the  proton  remaining  nearer  to  its  parent 
atom  than  to  the  other  atom  involved.  Hydrogen  bonding  is  particu¬ 
larly  marked  in  compounds  containing  hydroxyl  groups.  The 
unusual  properties  of  water,  especially  that  of  being  liquid  at  ordinary 
temperature  rather  than  gaseous  like  the  analogous  hydrides  C 
NHP  HF  and  H2S  and  that  of  possessing  a  high  dielectric  constai  t, 

are^beheved  to  be  due  to  hydrogen  bridge  “f' or  fnS 
bridges  are  important  mainly  in  organic  chemistry.  For  instance 

carboxylic  acids  may  form  dimers,  while  in  ortho  substituted  aromat 
compound^ TtranJlecular  hydrogen  bridges  may  be  formed  as  in 
methvl  salicylate  and  o-nitropheno!  (Fig.  3).  Hydrogen  bridges  appear 
to  be^concerned  in  the  arrangement  of  organic  molecules,  e.g.  purl  , 
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nvrimidines  in  crystals.  They  are  also  believed  to  be  involved  in  the 
structure  of  proteins  and  polysaccharides,  acting  as  links  between 
chains  or  ringsystems  (Fig.  3).  It  has  been  suggested  that  in  enzymic 
reactions,  especially  oxidations  and  reductions,  electrons  may  be 
transferred  across  the  hydrogen  bridges  of  the  protein  enzyme  mo  e- 
cule.  It  has  been  shown  by  spectrophotometric  examination  that  in 
the  chromoprotein  phycocyanin  energy  absorbed  .by  the  protein 
portion  is  transferred  to  the  chromophore  (the  bile  pigment  mesobili- 
violin)  (Bannister,  1954):  it  is  possible  that  the  mechanism  of  this 
process  also  involves  hydrogen  bridges.  In  addition,  chlorophyll,  which 
is  apparently  arranged  in  a  laminated  structure  in  the  grana  (sub-units) 
of  chloroplasts,  is  believed  to  function  as  an  organised  aggregate  rather 
than  a  collection  of  individual  molecules,  absorption  of  light  by  the 
aggregate  raising  an  electron  from  a  molecular  to  a  conduction  level 
(Calvin,  1956). 

Hydrogen  bridges  have  comparatively  small  mean  bond  energies, 
the  value'being  less  than  10  kcal./mole,  compared  with  50-100 kcal./mole 
for  most  covalent  bonds.  They  are  therefore  fairly  readily  formed  and 
broken.  This  property  may  provide  a  clue  to  their  biological  im¬ 
portance.  The  idea  of  protoplasm  being,  in  effect,  a  dilute  aqueous 
solution  of  cell  constituents,  which  was  introduced  early  in  this  century 
in  opposition  to  what  may  be  called  the  ‘vitalistic’  concept  of  proto¬ 
plasm,  has  been  replaced  by  the  concept  of  an  ordered  structure  of 
macromolecules  in  which  hydrogen  bridges  almost  certainly  play  an 
important  part. 


Properties  of  Bonds 

There  are  three  properties  of  bonds  which  are  of  particular  im¬ 
portance  in  chemistry:  these  are  bond  length,  bond  angle  and  bond 
strength. 

The  distance  between  atomic  nuclei  in  molecules  can  be  determined 
by  spectroscopic  and  by  electron  and  X-ray  diffraction  methods. 
The  values  obtained  for  most  common  bonds  are  of  the  order  of 
1-2  A.  Typical  values  are  given  in  Table  4.  In  compounds  which  do 


TABLE  4 

Average  lengths  (A)  of  some  bonds  (Dewar,  1949) 


C— c 

1  54 

C— N 

1-47 

c— o 

1  43 

C— H 

109 

N— H 

101 

O— H 

0-96 

C=C 

1-33 

C^C 

1  21 
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not  contain  conjugated  bond  systems,  the  length  of  a  given  bond, 
e.g.  C — C,  C — N,  is  almost  constant.  In  systems  with  double  and  triple 
bonds,  7 t  linkages  are  involved  and  as  these  vary  in  their  properties 
from  one  compound  to  another,  the  lengths  of  the  bonds  in  which 
they  are  found  also  vary.  The  ‘order’  of  a  bond  is  sometimes  referred 
to:  this  may  vary  from  one,  as  for  the  carbon-carbon  link  in  ethane, 
to  three,  as  in  acetylene.  There  is  an  empirical  relationship  between 
bond  order  and  bond  length,  as  shown  in  Fig.  4  for  carbon-carbon 


Fig  4  Order-length  curve  for  C-C  bonds  (bond  orders  calculated  by  molecular 
orbital  method)  (Coulson.  C.  A.  “Valence”.  Clarendon  Press,  Oxford,  1952) 

bonds.  Thus  the  order  of  a  bond  may  be  deduced  from  its  length. 
Bond  orders  may  also  be  calculated  by  the  application  ot  either  the 
valence  bond  or  the  molecular  orbital  theory  so  that  bond  lengths  may  e 
calculated.  Pauling  et  al.  (1935)  have  calculated  bond  orders  by  adding 
together  the  statistical  weights  (these  are  equal  to  the  squares  of  the 
coefficients  in  wave  equations,  e.g.  a  and  b  in  equatio  (-)), 
canonical  structures  in  which  the  bond  in  question .  appears  as  a 
double  bonch  For  example  for  any  ? 

foVthT  bS  bond) +  0  46  =1  46.  Coulson  (1952)  found  that  there 
was  gtd  agreement  between  bond  orders  calculated  by  apphca  .on 
of  the  molecular  orbital  approximation  and  those  obtained  us  g 

The  angles  between  covalent  bonds  can  be 
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diffraction  data  and,  together  with  bond  lengths  and  other  interaton 
distances,  form  the  fundamental  information  necessary  for  deducing 

the  detailed  architecture  of  molecules. 

There  are  several  parameters  which  may  be  considered  as  expressing 
some  aspect  of  bond  strength.  Binding  energy  has  been  considered 
earlier  in  this  chapter  (p.  9).  Mean  bond  energy  is  related  to  the 
heat  of  formation  of  a  bond  from  its  constituent  atoms.  Pauling  (1945) 
has  shown  that  for  unconjugated  molecules  the  mean  bond  energies 
of  normal  covalent  bonds  are  approximately  additive  so  that  they  are 
readily  calculated  from  thermochemical  data  (p.  76).  The  values 
obtained  are  not  precise,  since  in  their  derivation  they  are  taken  to  be 
independent  of  the  molecular  environment  of  the  bond,  but  the  ease 
with  which  mean  bond  energies  may  be  handled  compensates  for 
their  lack  of  precision.  Another  concept  relating  to  bond  strength  is 
that  of  bond  dissociation  energy,  which  may  be  taken  as  the  energy 
required  to  break  one  bond  in  a  given  molecule.  Bond  dissociation 
energies  are  dependent  on  the  molecular  environment  of  the  bond 
and  are  not  additive.  They  may  be  measured  for  simple  molecules 
by  determining  the  energies  of  combination  and  of  separation  of 
radicals. 

A  term  common  in  biochemistry  which  might  appear  to  be  related 
to  bond  strength  is  ‘high-energy’  bond.  This  actually  refers  to  free 
energy  of  hydrolysis.  Compounds  containing  ester  phosphate  bonds, 
as  in  glycerol  1 -phosphate,  have  free  energies  of  hydrolysis  of  about 
2-5  kcal./mole  under  certain  conditions.  There  are  other  organic 
phosphates,  the  free  energy  of  hydrolysis  of  which,  under  similar 
conditions,  is  much  greater,  often  of  the  order  of  12-16  kcal./mole: 
the  bond  linking  the  phosphate  group  to  the  remainder  of  the  molecule 
is  then  said  to  be  a  ‘high-energy’  phosphate  bond.  Compounds  of  this 
type  are  widely  distributed  and  of  great  significance  in  biochemistry 
and  the  idea  expressed  in  the  term  applied  is  a  useful  one,  particularly 
in  accounting  in  a  general  way  for  the  energetics  of  biological  synthesis. 
It  is,  however,  important  to  appreciate  the  true  significance  of  the  term 
and  the  nature  of  bonds  of  this  type  (cf.  Gillespie  et  al.,  1953).  There 
is  often  implicit  in  the  use  of  the  term  ‘high-energy’  bond  the  idea  that 
the  bond  is  unstable  and  that  a  considerable  amount  of  energy  is 
liberated  when  it  is  broken.  In  fact  energy  is  always  required  to 
break  a  bond  and  none  of  the  parameters  used  to  express  bond 
strength  is  likely  to  bear  any  simple  relationship  to  free  energy  of 
hydrolysis  which  refers  to  a  reaction  system  and  involves  also  the 

energies  of  formation  of  other  bonds,  heats  of  ionisation  and  entropy 
changes. 

kinetics6  arC  f°Ur  mam  tyPCS  °f  organic  Phosphate  compound  which 
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have  high  free  energies  of  hydrolysis.  They  are  as  follows: 

OH 


i)  Carboxyl  phosphates,  e.g.  CH3CO — O — P  =  O 


OH 


ii)  Enol  phosphates,  e.g.  CH2 


OH 


C— O— P  =  O 


OH 


COOH 


O 


O 


iii)  Pyro-  and  other  poly-phosphates,  e.g.  R — P — O — P — OH 

OH  OH 


NH 


OH 


iv)  Amine  phosphates,  e.g.  C — NH — P=0 


NH, 


OH 


Oesper  (1950)  has  suggested  that  the  energy  changes  involved  in 
the  ionisation  of  the  liberated  phosphate  or  in  the  rearrangement  of 
the  enol  form  of  one  of  the  products  to  the  more  usual  keto  form  may 
contribute  to  the  exceptionally  large  free  energy  change  which  accom¬ 
panies  the  hydrolysis  of  these  compounds.  In  addition,  the  idea  ot 
‘opposing’  resonance  applies  to  compounds  where  resonance  is 
possible  in  both  phosphate  and  non-phosphate  parts  of  the  molecule 
Under  certain  conditions  resonating  forms  may  be  incompatible  and 
cancel  out,  so  that  the  total  number  of  contributing  forms  is  reduce 
together  with  the  resonance  energy  and  the  stability  of  the  molecule. 
Carboxyl  phosphates  may  be  considered  as  an  example.  The  res^nce 
forms  of  the  carboxyl  group  have  already  been  referred  to  (Fig.  > 
p.  11).  The  phosphate  ion,  HPCT,  might  theoretically  resonate 

among  50  structures,  four  of  which  are 

o-o° 


o 


4* 


HO— P+— O 

o- 


HO=P — O 

I 

o- 


HO — P  ==0  HO — P2~=0 

o-  ° 


MOLECULAR  DIAGRAMS 


19 


A  detailed  examination  of  these  structures  shows  that  21  ot  them l  are 
too  unstable  or  improbable  to  contribute  to  the  actual  structure  of  the 
ion  If  each  of  the  remaining  structures  could  participate  with  each 
of  the  two  forms  of  the  carboxyl  group  there  would  be  58  possible 
forms  of  the  carboxyl  phosphate.  There  is,  however,  a  loss  of  1 3  o 
these  forms  in  which  there  cannot  be  complete  resonance  between 
the  carboxyl  and  phosphate  groups. 


Molecular  Diagrams 

Three  fundamental  magnitudes  possessed  by  a  molecule  are  the 
orders  of  the  bonds,  the  distribution  of  the  electronic  charge  (i.e.  of 


valence  bond  method 


molecular  orbital  method 


Fig.  5  Molecular  diagrams  of  benzene,  pyridine  and  toluene  (Coulson,  1953). 
Bond  orders  are  shown  in  parentheses,  charges  accompanied  by  signs  and  residual 

valences  by  arrows 


the  77  electron  cloud)  and  the  free  valences.  Bond  orders  and  the  origin 
of  charges  in  molecules  have  already  been  discussed.  Free  valence 
may  be  regarded  as  unengaged  combining  power  and  is  calculated 
from  bond  orders.  These  magnitudes  are  conveniently  summarised 
in  molecular  diagrams,  of  which  examples  are  shown  in  Fig.  5. 

An  interesting  application  of  these  ideas  in  biology  concerns  the 
carcinogenic  properties  of  various  aromatic  compounds  e.g.  1:2- 
enzanthracene.  These  compounds  possess  regions,  designated  K,  L 
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and  M  regions,  in  which  the  concentrations  of  electrons  may  be 
correlated  with  various  qualities  such  as  bond  order,  free  valence  and 
resonance  energy.  While  it  is  not  yet  possible  to  account  in  detail  for 
the  carcinogenic  action  of  these  compounds  in  terms  of  these  magni¬ 
tudes,  it  is  of  interest  to  note  this  example  of  one  of  the  most  funda¬ 
mental  chemical  concepts  being  applied  to  the  solution  of  a  complex 
biological  problem. 

Pullman  and  Pullman  (1954)  have  proposed  a  scheme  to  account 
for  some  aspects  of  the  metabolism  of  the  carcinogen  1: 2-benzan¬ 
thracene  in  terms  of  calculated  electron  distributions.  In  this  compound 
the  K  region  embraces  positions  3  and  4  (Fig.  6)  and  it  is  postulated 


Fig.  6  1 :  2-Benzanthracene 

that  the  molecule  becomes  linked  to  cellular  material  through  these 
positions.  Position  3'  is  thus  activated,  a  3' :4'-epoxy  compound  being 
formed  which  is  hydrolysed  enzymically  to  give  the  3':4'-diol.  The 
molecule  is  then  detached  from  the  cellular  material,  water  is  lost  and 
the  4'-hydroxy  compound  formed,  having  a  greater  resonance  stability 
than  the  diol.  4'-Hydroxy-l : 2-benzanthracene  has  been  shown  to  be  a 
metabolite  of  1 : 2-benzanthracene  in  the  rat  by  Berenblum  and  Schoental 
(1943).  For  further  accounts  of  this  field  of  study  the  reader  is  referred 
to  reviews  by  Boyland  (1950),  Coulson  (1953),  Pullman  (1954)  and 

Greenstein  (1954). 


THE  SHAPE  OF  MOLECULES 

One  of  the  major  problems  of  biochemistry  is  to  relate  molecular 
form  and  biological  function.  At  the  present  time  there  are  few ■mo  e- 
cules  whose  form  is  known  precisely  and  whose  function  is  f  y 
understood.  There  are,  however,  numerous  indications  that  the  precise 
shape  and  subtleties  of  structure  of  molecules  are  important  in 

^Parameters'  which  determine  molecular  form  are  the  length  and 
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rigidity  of  bonds  and  the  angles  between  bonds.  To  a  first  approxima 
^  i ■  j* t a  Iiqvp  nnlv  one  valll( 


or  one  ot  a  sman  nurauci  ui  va iuw  V1 -  » 

molecular  environment,  and  may  therefore  be  regarded  as  the  elements 


of  structure  and  shape.  Since  most  molecules  of  biochemical  importance 
contain  atoms  of  carbon,  oxygen,  nitrogen  and  hydrogen  and  many 
contain  sulphur  and  phosphorus  as  well,  it  is  convenient  to  consider 

first  the  stereochemistry  of  these  atoms. 

The  carbon  atom,  which  has  one  s  and  three  p  orbitals  is  most 
commonly  tetracovalent,  four  equivalent  hybrid  sp3  orbitals  being 
formed.  When  each  of  these  overlaps  an  orbital  of  another  atom,  the 
angles  between  them  are  ideally  109  ,  the  bonds  being  directed  towards 
the  corners  of  a  regular  tetrahedron.  The  bond  angles  actually  found 
are  affected  by  the  nature  of  the  atoms  combined  with  the  carbon 
atom,  two  large  atoms  tending  to  repel  each  other  to  a  sufficient 
extent  to  increase  the  bond  angle.  Such  geometrical  considerations 
usually  affect  the  values  of  bond  angles  only  slightly,  but  sometimes 
play  a  major  role  in  determining  the  configuration  of  a  molecule. 

Oxygen  and  sulphur  atoms  are  commonly  bicovalent,  bonds  being 
formed  by  the  overlapping  of  their  p  orbitals.  The  angles  between 
bonds  formed  from  p  orbitals  should  be  90°,  but  mutual  repulsion 
between  the  attached  atoms  usually  increases  the  angle,  the  effect 
being  greater  for  a  smaller  central  atom.  For  instance,  the  bond  angle 
in  the  water  molecule  is  105°,  but  only  92°  in  hydrogen  sulphide. 

Nitrogen  and  phosphorus  can  also  form  bonds  by  the  overlapping 
of  p  orbitals.  Since  both  nitrogen  and  phosphorus  atoms  have  three 
bonding  orbitals,  the  angles  between  them  being  90°,  the  bonds  form 
a  trigonal  pyramid  with  the  nitrogen  or  phosphorus  atom  at  the  apex. 
The  simplest  molecules  showing  this  structure  are  ammonia  and  phos¬ 
phine,  in  which  the  bond  angles  are  106°  and  93°,  respectively.  The 
increased  size  of  these  angles  is  due  to  mutual  repulsion  of  the  hydrogen 
atoms,  the  effect  being  greater  with  the  smaller  nitrogen  atom.  Hydrogen 
itself  is  unicovalent,  its  single  s  orbital  overlapping  with  a  bonding 
orbital  of  another  atom. 

All  the  bonds  discussed  so  far  in  this  section  have  been  a-bonds 
with  localised  electrons  shared  by  only  two  atoms.  These  bonds  offer 
no  resistance  to  rotation,  since  the  electron  density  is  symmetrical 
about  the  axis  joining  the  two  atoms  concerned. 


Double  and  triple  bonds  may  be  formed  instead  of  two  or  thr^o 
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1 20  in  a  single  plane.  The  remaining  p  orbitals  of  each  carbon  atom, 
which  are  normal  to  the  plane  of  the  bond  angles,  coalesce  to  form 
a  molecular  orbital,  or  7r-bond,  embracing  both  nuclei.  On  account 
of  the  direction  of  the  p  orbitals,  this  results  in  a  bond  of  high  electron 
density  along  the  line  joining  the  nuclei,  above  and  below  the  plane  of 
the  molecule.  Such  a  bond  is  resistant  to  rotation,  since  rotation  of 
one  of  the  carbon  atoms  would  reduce  the  possibility  of  overlap  by 
the  p  orbitals  and,  indeed,  a  rotation  of  90°  would  break  the  bond. 
Double  bonds,  therefore,  are  rigid.  A  triple  bond  (C=C),  is  similarly 
formed  by  sp  hybridisation,  one  hybrid  orbital  from  each  carbon 
atom  overlapping,  the  other  forming  a  bond  with  an  atom  of  hydrogen, 
as  in  acetylene.  The  remaining  p  orbitals,  two  from  each  carbon  atom 
at  right  angles  both  to  each  other  and  to  the  line  joining  the  two  carbon 
atoms,  coalesce  to  yield  four  bands  of  high  electron  density,  above, 
below,  to  left  and  to  right  of  the  nuclear  axis.  A  triple  bond  is  therefore 
rigid.  7r-bonds  are  less  stable  than  a-bonds  and  the  electron  density 
can  more  easily  be  disturbed,  i.e.  v  electrons  are  ‘mobile’. 

Combinations  of  atoms  as  outlined  above  result  in  a  variety  of 
structures,  which  may  be  considered  in  terms  of  two  simple  types,  the 
chain  and  the  ring. 

A  simple  structure  which  is  often  found  is  a  chain  ot  carbon  atoms 
joined  by  single  (a-)  bonds.  Since  rotation  about  a-bonds  is  possible, 
it  might  seem  that  a  very  large  number  of  conformations  could  be 
assumed  by  any  given  molecule.  Rotation  is,  in  fact,  restricted  to 
some  extent  by  the  mutual  attraction  or  repulsion  of  the  atoms  attached 
to  the  carbon  chain,  so  that  one  of  the  possible  positions  which  the 
chain  may  take  up  will  be  characterised  by  maximum  stability  or 
minimum  energy,  and  this  may  be  considered  the  normal  shape 
of  the  molecule.  The  phenomenon  may  be  conveniently  discussed 
terms  of  the  shortest  possible  chain,  consisting  of  two  carbon 


in 


atoms. 


Ethane  is  a  symmetrical  molecule  containing  two  carbon  atoms 
united  bv  a  o-bond,  each  carbon  atom  being  joined  to  three  hydrog 
atoms.  If  one  end  of  the  molecule  is  considered  fixed  and  the  other 
rotated  identical  positions  will  be  reached  after  rotations  of  0  ,  1-0  , 

—  r  cTatr  ‘ s 

farthest  apart.  These' two  positionsarecaUedthec  «nd*r®»  or^ 

of  the  molecule,  respective^  (cf  FlS' 7)  ,“fo™s  have  maximum 

*■  -  being  that 
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normally  assumed  by  the  ethane  molecule  and  indeed  by  most  similar 
molecules . 

Substitution  of  one  hydrogen  atom  attached  to  each  carbon  atom 
by  a  chlorine  atom,  to  give  1 :2-dichloroethane,  adds  to  the  number 


Fig.  7  Conformations  of  1 :  2-dichloroethane  (hydrogen  atoms  are  omitted) 


of  possible  positions  which  the  molecule  can  assume,  there  being 
now  three  positions,  namely  cis,  trans  and  gauche  (Fig.  7.)  It  is  found 
that  the  trans  position  is  the  most  stable:  the  gauche  position  is  less 
stable,  but  is  at  an  energy  minimum,  while  the  cis  form  is  least  stable, 


Fig.  8  Energy  changes  on  rotation  of  1 : 2-dichloroethane  about  the  C — C  bond 
(after  Mizushima,  1954).  For  significance  of  I-IV  see  text 

being  at  an  energy  maximum  (Fig.  8).  The  gauche  position,  while  not 
ot  least  energy,  is  stable  because  a  transition  to  the  trans  form  would 
involve  passage  through  the  form  II  (Fig.  7).  The  energy  variation 
with  rotation  is  shown  in  Fig.  8.  Recognition  of  such  forms  as  separate 
isomers  depends  on  the  possibility  of  isolating  them.  Isolation  is  not 
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possible  loi  these  isomers  of  most  molecules,  as  the  energy  barriers 
between  stable  forms  are  low  enough  to  be  surmounted  by  the  energy 
of  thermal  motion.  For  example,  the  energy  required  for  rotation  about 
the  C — C  bond  of  ethane  is  only  2-8  kcal./mol e. 

It  is  evident  that  the  above  considerations  still  apply  if  the  chlorine 
atoms  of  dichloroethane  are  replaced  by  chains  of  carbon  atoms  and 
that  extension  of  the  argument  to  each  pair  of  atoms  leads  to  the 
conclusion  that  the  most  stable  configuration  for  a  saturated  hydro¬ 
carbon  chain  is  the  completely  turns  arrangement,  in  which  the  chain 
is  maximally  extended.  Hydrocarbons  themselves  are  of  little  interest 
in  biochemistry,  but  similar  considerations  apply  to  the  hydrocarbon 
chains  found  in  fatty  and  amino-acids.  The  extended  configuration  of 
fatty  acids  has,  in  fact,  been  verified  in  crystals  and  surface  films. 
Evidence  from  reaction  kinetics  indicates  that  in  solution  ring  formation 
may  occur  by  interaction  of  =CH  and  =CO  groups  to  produce 
hydrogen  bridges.  Another  feature  of  aqueous  solutions  of  fatty  acids 
is  the  formation  of  aggregates  (micelles)  in  which  molecules  of  the 
acids  tend  to  become  arranged  with  their  hydrocarbon  chains  in 
contact  with  each  other. 

Evidence  that  succinic  acid  exists  in  solution  in  the  trcms  form  is  of 
interest  since  it  is  converted  by  succinic  dehydrogenase  to  fumaric 
acid  in  which  the  trans  configuration  is  fixed  by  a  7r-bond.  The  con¬ 
figuration  of  succinic  acid  was  demonstrated  by  Pressman  (1953), 
using  as  specific  chemical  reagents  antibodies  which  had  been  cali¬ 
brated’  with  molecules  of  known  shape. 

Since  the  electrons  in  a  chain  of  saturated  carbon  atoms  are  localised 
in  a-bonds,  the  introduction  of  a  charge  at  some  point  in  the  molecule 
affects  the  electron  density  along  the  chain  for  only  a  short  distance 
(inductive  effect).  It  has  been  calculated  that  an  induced  charge  is 
reduced  by  67%  across  a  single  bond  compared  with  only  10%  across 

a  double  bond.  . 

The  inclusion  of  double  bonds  alters  the  character  of  a  chain  pro¬ 
foundly  by  conferring  planarity  and  facilitating  the  inductive  effect. 
Because  of  the  rigid  "nature  of  the  double  bond  cis and  trans  con¬ 
figurations  are  quite  stable  and  are  classically  regarded  as  two  distinct 
molecular  species.  An  interesting  example  of  the  biological 
of  cis-trans  isomerism  about  a  double  bond  was  observed  by  Kuhn 
and  Moewus  (1940)  who  found  that  in  some  organisms  the  as  a 
trans  forms  of  the  dimethyl  ester  of  crocetin  (Fig.  9),  a  pigment  relate 
to The  carotenoids,  may  act  as  female  and  male  hormones  respec Evely. 
In  Chlamydomonas  eugametos  gametogenesis  in  the  fe^a  e  Jas 
mulated  by  a  3:1  mixture  of  the  cis  and  trans  forms  and  in  the  male 

by  a  1:3  mixture. 
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Chains  which  possess  alternate  single  and  double  bonds  are  said 
to  be  conjugated.  The  77-bonds  covering  each  pair  ot  carbon  atoms 
overlap  and'  form  a  molecular  orbital  encompassing  many  nuclei. 


crocetin  dimethyl  ester 

Fig.  9  Skeleton  structures  of  certain  carotenoids.  In  retinene  the  terminal 
— CH2OH  group  of  vitamin  A  is  replaced  by  — CHO 

The  result  is  a  planar  all -trans  configuration  in  which  ready  com¬ 
munication  of  induced  charges  from  one  part  of  the  chain  to  another 
is  possible.  These  chains  are  of  biochemical  importance,  occurring 
for  example  in  such  compounds  as  vitamin  A  and  carotene  The 
number  of  p°ssib|e  isomers  which  arise  from  cis-trans  isomerism  about 
the  double  bonds  is  large.  The  number  of  such  isomers  of  vitamin  A. 
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which  has  foui  double  bonds  in  its  side-chain,  is  16,  of  /^-carotene, 
with  nine  double  bonds,  272  and  of  lycopene,  with  thirteen  double 
bonds,  1056  (Fig.  9). 

In  spite  of  the  fact  that  the  all -trans  configuration  is  the  most  stable, 
because  of  the  formation  of  a  molecular  orbital  embracing  the  whole 
molecule,  other  isomers  can  exist  and  the  stereochemistry  of  the  polyenes 


Fig.  10  Skeleton  diagrams  of  some  stereoisomeric  ^-carotenes.  All  single  bonds 
are  assumed  to  have  a  trans  configuration.  I  is  all -trans,  II  and  III  are  mono -cis 
and  IV  and  V  di-c/s  (Zechmeister,  1954) 


has  been  the  subject  of  intensive  investigation  (cf.  Zechmeister,  1954). 
Carbon  skeleton  diagrams  of  some  isomeric  /^-carotenes  (Fig.  10) 
show  the  effect  upon  shape  of  cis-trans  isomerism.  Maximum  dif¬ 
ferences  in  shape  are  produced  by  the  presence  of  only  a  few  bonds  of 
cis  form.  The  all -trans  and  poly-m  molecules  are  approximately 
linear,  though  of  different  dimensions.  The  all -trans  forms  are  most 
usual  in  nature,  but  cis  forms  are  found,  as,  for  example,  m-elaidic  acid 
in  olive  oil.  There  are  differences  in  the  stabilities  of  cis  forms,  since 

some  are  sterically 

and  CH3  radicals  overlap.  However,  even  such  hindered  polyenes 
have  been  shown  to  exist. 
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The  shape  of  carotenoid  molecules  is  of  biological  importance. 
FJ  instance,  differences  in  pro-vitamin  A  activity  of  cis-trans  stereo¬ 
isomers  have  been  shown  to  be  of  the  same  magnitude  as  those  produced 

central 

double  bond  moved  _ molecule  bent_at - mono -ds 

a-carotene <  out  of  conjugation  centre  /^-carotene 

{53%)  (50%) 


all -trans 
^-carotene 
(100%) 


cryptoxanthin  -=■ 
(57%) 


hydroxyl  grout) 
Introduced 


molecule  bent 
off  centre 


/7eo-/?-carotene 
(38  %) 


Fig.  11  Relative  activities  of  four  common  provitamins  A  (Zechmeister,  1954) 


by  constitutional  changes  (Fig.  11).  The  activity  of  all-f/ww-^-carotene 
is  arbitrarily  set  at  100%,  but  this  is  not  in  fact  the  most  active  isomer, 
for  one  m-/3-carotene  is  known  to  have  greater  pro-vitamin  A  activity 
(Zechmeister,  1954). 


Aieoretinene  b  +  opsin 
(mono-m) 


rhodopsin 

t 


(light) 


opsin  +  all-tram-retinene 


Aieovitamin  Af, 
(mono-m) 


f 

all-/ra«s-vitamin  A 


Fig.  12  The  visual  cycle  (Hubbard  and  Wald,  1952-3) 


Similarly  the  exact  configuration  of  vitamin  A  is  important.  Vitamin 
A  takes  part  in  a  cyclic  system  of  reactions  (the  ‘visual  cycle’)  in  the 
retina,  during  which  it  changes  its  configuration  from  an  all -tram 
to  a  mono-m  form.  This  compound  (wcovitamin  Ab)  is  the  1-cis 
isomer  and  is  sterically  hindered  (Wald  et  al ,  1955).  The  reactions  of 
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the  visual  cycle  are  shown  in  Fig.  12.  Rhodopsin,  a  bright  red,  light- 
sensitive  pigment  found  in  retinal  rods,  is  a  conjugated  protein,  com¬ 
posed  of  a  protein,  opsin,  and  the  1-cis  polyene  aldehyde,  /icoretinene  b. 
On  exposure  to  light  it  dissociates  into  opsin  and  the  all -trans  aldehyde, 
retinene.  Before  the  aldehyde  is  able  to  combine  again  with  opsin  it 


Fig.  13  Model  of  randomly-kinked  1000  link  chain 
(Treloar,  L.  R.  G.,  Endeavour,  1952) 


must  be  isomerised  to  wcoretinene  b.  Both  /zcoretinene  b  and  retinene 
are  in  reversible  equilibrium  with  the  corresponding  alcohols,  neo- 
vitamin  Ab  and  vitamin  A  (all -trans),  co-enzyme  I  being  the  hydrogen 
carrier  involved.  Vitamin  A  is  continuously  lost  to  the  circulation 

and  flcovitamin  Ab  withdrawn  from  it. 

The  relation  between  the  shape  and  absorption  spectrum  of  a 
molecule  is  of  obvious  interest  in  connection  with  vision.  Studies  on 
polyenes  show  that  an  absorption  band  in  or  near  the  visible  range 
has  maximal  intensity  for  an  all -trans  form.  In  cis  forms  this  band  is 
diminished  in  intensity  and  shifted  towards  the  shorter  wavelength 
end  of  the  spectrum:  at  the  same  time  another  absorption  band  appears 
in  the  shorter  wavelength  region,  its  intensity  being  maximal  for  t  e 


central  mono-m  isomer. 

Very  long  chains  are  found  in  high  polymers  such  as  rubber  It 
has  been  shown  that  the  properties  of  this  material  can  be  accounte 
for  in  terms  of  a  long  chain  bent  in  a  random  manner.  A  diagram  of 
such  a  chain,  consisting  of  1000  links,  is  shown  in  Fig.  13.  Although 3 
short  chain  the  energy  difference  between  various  conformations 
is  great  enough  to  make  one,  usually  all -trans,  the  preferred  form,  in 
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a  long  chain  having  a  large  number  of  possible  conformations  a 
particular  one  could  be  preferred  only  if  its  energy  was  markedly  lower 
than  that  of  all  other  forms.  This  is  because  the  number  of  possible 
conformations  increases  very  rapidly  with  chain  length  and  the  pre- 
dominance  of  any  one  becomes  highly  improbable  (i.e.  it  is  a  state  of  lo 
entropy)  while  the  minimum  energy  difference  between  conformations 
remains  at  about  the  same  value.  In  a  long  chain  molecule  the  entropy 
therefore  becomes  of  major  importance.  The  shape  resulting  from  the 
random  arrangement  of  the  chain  makes  the  molecules  difficult  to 
arrange  in  crystalline  form  and  accounts  for  many  physical  properties 

of  high  polymers.  .  .  ,,  ,  . 

It  has  been  noted  that  chain-like  molecules  containing  double  bonds 
are  still  flexible  to  the  extent  permitted  by  rotation  about  the  single 
bonds.  It  is  theoretically  possible  to  have  a  chain  of  carbon  atoms 
linked  wholly  by  double  bonds,  the  simplest  example  of  a  molecule 
of  this  type  being  allene,  CH2=C=CH2,  a  compound  of  some  im¬ 
portance  in  theoretical  chemistry.  Chains  of  this  type  have  not  been 
found  in  biological  systems. 

The  simplest  rigid  structure  which  occurs  in  molecules  of  biological 
importance  is  the  ring.  There  is  a  considerable  variety  of  cyclic  structures, 
homo-  and  hetero-cyclic,  saturated  and  unsaturated.  Five-  or  six- 
membered  saturated  carbon  rings  may  be  formed  with  little  strain, 
the  actual  valence  angles  deviating  little  from  the  ideal  (by  0°44'  in 
five-membered  rings  and  5°20'  in  six-membered  rings).  Three-,  four- 
and  five-membered  carbon  rings  have  their  carbon  atoms  in  a  single 
plane.  Since  each  carbon  atom  has  one  valence  bond  directed  above 
and  one  below  the  plane  of  the  ring,  substitution  can  yield  stable 
cis-  and  tram- isomers  which  cannot  be  interconverted  by  rotation  of 
the  C — C  bond,  since  the  cyclic  chain  is  stabilised  in  an  all-m  position. 
Trans-isomers,  moreover,  can  exist  in  optically  active  forms,  since 
they  possess  no  plane  of  symmetry.  Rings  containing  more  than 
five  carbon  atoms  are  not  planar,  strain  being  avoided  by  buckling. 
Rings  with  larger  numbers  of  atoms  have  been  prepared  and  are,  in 
effect,  two  parallel  chains  joined  at  both  ends.  The  six-membered  ring 
can  exist  in  two  strainless  non-planar  conformations  termed  ‘boat’ 
and  ‘chair’  forms  (Fig.  14).  It  is  found  that  the  ‘chair’  form  has  the 
lower  energy  and  is  present  in  greater  amount  at  ordinary  tempera¬ 
tures,  the  proportion  of  the  ‘boat’  form  increasing  with  increasing 
temperature.  The  two  carbon  valences  not  concerned  in  ring  formation 
are  distinguishable.  One,  termed  equatorial,  lies  approximately  in 
the  plane  of  the  ring,  while  the  other,  the  axial  valence,  is  normal  to 
t  is  plane.  It  is  found  that  the  most  stable  configuration  is  produced 
when  bulky  substituents  occupy  equatorial  positions. 
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The  hexahydroxycyclohexanes  (cyclitols)  are  examples  of  compounds 
of  biochemical  interest  which  have  a  saturated  six-membered  ring. 


boat  form 

Fig.  14  Diagrammatic  and  perspective  representations  of  ‘chair’  and  ‘boat’  forms 
of  six-membered  rings.  Equatorial  valences  are  denoted  by  complete  lines  and 
axial  valences  by  dotted  lines.  In  pyranose  rings  (p.  33)  the  oxygen  atom 
occupies  position  6  of  the  ‘chair’  form 

The  specificity  of  the  inositol-oxidising  system  of  Acetobacter  sub- 
oxydans  can  be  described  on  the  assumption  that  the  stable  conforma¬ 
tion  of  a  cyclitol  is  the  ‘chair’  form  possessing  the  minimum  of  axial 


Fig.  15  Structural  requirements  of 
cyclitols  susceptible  to  oxidation  by 
Acetobacter  suboxydans  (see  text) 
(Anderson  et  ai,  1953) 


OH 

hydroxy  groups.  Minimum  requirements  for  the  enzymic  oxidation  ot 
a  hydroxyl  group  are  that  the  group  must  be  axial  and  that  an  equa 
torial  hydroxyl  group  must  be  present  in  meta  position  d  (  g. 
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The  carbon  valences  at  positions  a,  b  and  e  may  be  combined  with 
idrogen  atoms,  a  ketonic  oxygen  atom  or  with  axtal  or  equatona, 
hydroxyl  groups.  The  requirements  for  position  c  are  still  uncertain 

(Anderson  et  al,  1953). 


rings  A  and  B  fused  trdns, 


Fig.  16  Perspective  shapes  of  cis  and  tram  A/B  steroids  (after  Shoppee,  1952) 


Multi-ring  systems  can  be  formed  when  two  or  more  rings  are 
joined  along  a  common  ‘side’.  The  large  and  important  group  of 
steroids  are  compounds  of  this  type  and  include  hormones,  vitamins 
of  the  D  group  and  bile  acids.  They  are  all  derivatives  of  perhydro- 
cyclopentenophenanthrene.  The  numbering  of  the  ring  system  is 
shown  in  Fig.  16.  All  steroids  occurring  in  biological  material  are 
derivatives  of  this  ring  system  and  have  certain  common  features, 
namely  (i)  there  are  often  methyl  groups  substituted  on  carbon  atoms 
|3,(ii)there  *s  always  a  keto-  or  hydroxy-  group  in  position 
,  anl(lll).there  1S  a  ket°-  or  hydroxy-group  or  a  side-chain  in  position 
17.  The  six-membered  rings  are  not  planar  and  there  are  numerous 
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possibilities  of  stereoisomerism.  Fusion  of  each  pair  of  rings  could 
take  place  in  two  ways,  but  in  practically  all  naturally-occurring 
steroids  rings  B  and  C  and  rings  C  and  D  are  joined  as  in  trcms- decalin. 
Rings  A  and  B  are  sometimes  joined  in  a  trans  and  sometimes  in  a 


bile  acids 


cardiac  aglycones 


adrenocorticoids  and  gestagens 


androgens 


Fig.  17  Molecular  profiles  of  steroids  (after  Shoppee,  1952) 

CIS  position  (i.e.  the  10-methyl  group  and  the  5-hydrogen  atom  may 
be  cis  or  trans).  Further,  in  position  3,  either  the  hydroxyl  group  or  the 
hydrogen  atom  can  be  cis  or  trans  with  respect  to  the  10-methyl, 
giving  normal  and  epi-  series  of  compounds,  respectively.  Fig.  1 6 
shows  carbon  skeleton  formulae  in  perspective  for  sterols  in  which  the 
A  and  B  rings  are  cis  and  trans.  It  may  be  noted  that  positions  3  and 
17  are  at  each  end  of  a  ribbon-like  molecule.  It  has  been  pointed  out 
that  when  steroids  are  classified  according  to  their  physiological 
activity,  those  with  similar  functions  have  similar  ‘molecular  profiles 

(Fig-  17).  ,  ,  f  . 

Rings  with  a  conjugated  system  of  double  bonds  can  also  be  formed 
and  have  properties  very  different  from  those  of  saturated  compounds. 
The  outstanding  example  is  benzene,  which  may  be  represented  as  a 
resonance  hybrid,  chiefly  of  the  two  Kekule  forms,  or,  alternatively, 
as  a  ring  of  six  carbon  atoms  linked  by  six  a-bonds  and  a  cyclic  mole¬ 
cular  77  bond.  The  molecule  is  planar  and  stereoisomerism  is  not 
possible.  While  a  number  of  benzene  derivatives  (e  g.  Phj^ala  ’ 
tyrosine,  adrenalin)  are  of  metabolic  importance,  the  chemistry  of 
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heterocyclic  and  multi-ring  systems  is  of  greater  biochemical  interest. 

Many  unsaturated  homocyclic  multi-ring  compounds  have  been  fou 

to  nossess  carcinogenic  activity,  although  it  is  notable  that  phena 
threne  itself  is  not  l  carcinogen.  The  relationship  between  carcinogenic 
properties  and  electronic  constitution  has  already  been  mentioned 

<P  Heterocyclic  molecules,  especially  those  of  sugars  and  pyrrole 
pigments,  play  an  important  part  in  the  normal  chemistry  of  organisms. 
Few  of  the  individual  sugars  which  are  known  to  organic  chemists 
are  of  importance  in  nature  and  many  of  those  which  are  of  biologica 
importance  are  hexoses.  These  normally  exist  in  the  form  of  rings  o 
four  or  five  carbon  atoms  and  one  oxygen  atom,  although  the  C(5)— O 
bond  is  sufficiently  labile  to  allow  characteristic  reactions  of  open-chain 
compounds,  e.g.  of  aldehydes,  to  be  apparent.  Pyranose  rings  assume 
a  ‘chair’  configuration  (cf.  Fig.  14)  (Reeves,  1950). 

The  stabilities  of  various  isomers  depend  on  the  axial  or  equatorial 
positions  of  the  substituents,  axial  substituents  making  for  instability. 
In  the  a-form  of  D-glucopyranose  the  hydroxyl  group  on  C(1)  is  in  an 
axial  position,  while  in  the  /5-form  it  is  equatorial:  in  both  forms 
all  the  other  hydroxyl  groups  occupy  axial  positions.  After  muta- 
rotation  a  solution  of  glucopyranose  contains  37%  of  the  a-form  and 
63%  of  the  /5-form. 

Reaction  rates  are  also  determined  by  the  conformation  of  sugars. 
For  instance,  /i-D-glucopyranose  is  much  more  labile  than  is  a-D- 
glucopyranose  to  the  enzymes  notatin  (glucose  oxidase)  and  ox-liver 
glucose  dehydrogenase  which  remove  the  hydrogen  atoms  from 
the  position  C(1).  In  the  a-anomer  the  hydroxyl  groups  on  C(1)  and 
C( 2)  are  both  axial  and  therefore  in  a  cis  position,  while  in  the  /5- 
anomer  the  hydroxyl  group  on  C(1)  is  equatorial  and  therefore  trans 
to  that  on  C(2).  Bentley  ( 1955)  regards  the  initial  step  in  the  reaction 
as  the  removal  of  hydrogen  from  the  C(1)  hydroxyl  group  and  ascribes 
the  relative  stability  of  the  a-form  to  steric  hindrance  of  this  process 
by  the  C(2)  hydroxyl  group. 

Several  naturally-occurring  pigments,  notably  those  of  blood,  are 
conjugated  proteins  in  which  the  prosthetic  groups  are  iron-porphyrin 
derivatives.  Bile  pigments,  which  are  degradation  products  of  haemo¬ 
globin,  are  protein-  and  iron-free  pyrrole  derivatives.  Other  meta- 
bolically-important  substances,  notably  the  cytochromes,  catalase 
and  peroxidase,  are  structurally  related  to  haemoglobin.  Chlorophyll 
is  a  magnesium-porphyrin  compound.  Thus  both  photosynthesis  and 
cellular  respiration,  which  may  be  regarded  as  the  most  fundamental 
processes  associated  with  living  material,  depend  on  metalloporphyrin 
derivatives.  r  r  J 
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The  fundamental  unit  in  compounds  of  this  type  may  be  regarded 
as  the  pyrrole  nucleus  (C4H4N),  a  heterocyclic  planar  five-membered 
ring.  Porphyrin  derivatives  contain  four  pyrrole  nuclei,  linked  together 
through  single  carbon  atoms  to  form  a  ring  which  is  a  large  planar 
resonating  structure  (Fig.  18).  It  is  evident  that  the  molecule  is  ex¬ 
tensively  conjugated,  the  planar  form  therefore  being  stabilised  by  a 


Fig.  18  Canonical  form  of  a  porphyrin.  Side- 
chains  attached  at  points  X  have  been  omitted. 
The  path  marked  by  alternate  black  and  white  bars 
denotes  the  conjugated  bond  system  in  which 
resonance  occurs  (after  Holland,  1953) 


large  molecular  orbital.  It  has  been  calculated  that  the  geometry  of  the 
structure  results  in  a  high  electron  density  at  the  nitrogen  atoms. 
The  characteristic  absorption  spectra  of  these  derivatives  are  a 
consequence  of  the  resonating  structure. 

In  bile  pigments  the  ring  is  broken  and  the  molecule  may  be  regarded 
as  a  chain  of  pyrrole  molecules,  still  disposed  as  if  the  ring  were  intact. 

In  iron-porphyrin  compounds  the  iron  atom  forms  co-ordinate 
links  with  the  nitrogen  atoms  of  all  four  nuclei.  Differences  between 
individual  pyrrole  pigments  are  due  to  a  variety  of  factors.  One  of 
these  is  the  nature  of  the  side-chains  in  the  molecule.  These  are 
attached  to  the  pyrrole  rings  at  the  carbon  atoms  which  are  not  in¬ 
volved  in  porphyrin  formation  and  influence  all  other  atoms  in  the 
conjugated  system.  Three  types  of  side-chain  which  are  common  are 
methyl,  vinyl  and  /T carboxyethyl. 

The  biological  function  of  the  vinyl  groups  appears  to  be  connected 
with  the  introduction  of  the  iron  atom  into  the  porphyrin  molecule 
and  its  linkage  to  the  nitrogen  atoms,  since  this  process  cannot  occur 
with  derivatives  lacking  vinyl  groups.  The  carboxyl  groups  of  t  e 
/^-carboxyethyl  side-chains  are  believed  to  be  concerned  with  linking 
haem  and  protein,  probably  by  means  of  salt  linkages  to  basic  groups 
such  as  the  e-amino  group  of  lysine  or  the  guamdo  group  of  ar81“ne' 
The  function  of  the  methyl  group  is  unknown.  Haem  appears Jo 
linked  to  protein  also  through  the  iron  atom  which  ls  bel‘^  t° 
form  a  co-ordination  link  with  the  imidazole  group  of  histidine 

(Granick  and  Gilder,  1947). 


(a) 


(b) 

Fig.  19  Photographs  of  a  model  of  tryptophan-pyridoxal  phosphate  complexes 
(Baker,  1955).  (a)  L-tryptophan-pyridoxal  phosphate  (b)  D-tryptophan-pyridoxal 
phosphate.  N  =  imino-nitrogen  atom,  — COOH  =  carboxyl  group  and 
— NH2  =  a-amino  group  of  tryptophan:  — CHO  =  aldehyde  group,  P  =  phos¬ 
phorus  atom  and  — OH  =  phenolic  hydroxyl  group  of  pyridoxal  phosphate 


( Photographs  by  courtesy  of  Dr.  J.  W.  Baker ) 
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Other  differences  between  individual  pigments  may  be  due  to  valency 
differences  in  the  iron  or  to  its  formation  of  extra  co-ordination 
linkages,  e.g.  with  proteins,  gases  (oxygen,  carbon  monoxide)  or 
simple  nitrogenous  compounds  (pyridine,  nicotinamide). 

The  prosthetic  groups  of  cytochromes  b  and  c,  peroxidase  and 
catalase  are  the  same  as  that  of  haemoglobin.  In  cytochrome  c  the 
prosthetic  group  may  be  attached  through  its  vinyl  groups  to  the 
cysteine  sulphydryl  groups  of  the  protein.  Cytochrome  a  has  a  formy 
group  in  place  of  one  of  the  vinyl  groups  of  protoporpyhrm  IX. 
Cytochrome  a3  is  believed  to  be  the  enzyme  cytochrome  oxidase. 

The  properties  of  iron-porphyrin  compounds  which  give  them 
their  biological  significance  can  in  some  cases  be  related  to  the  state 
of  co-ordination  of  the  iron  atom,  for  example  in  the  formation  of 
oxyhaemoglobin  or  of  enzyme-substrate  or  similar  complexes  by 
catalase,  peroxidase  and  the  cytochromes. 

In  chlorophyll  the  central  metal  atom  is  magnesium.  There  are  three 
simple  side-chains,  vinyl-,  methyl-  and  ethyl-,  and  two  complex,  one 
related  to  the  long  chain  alcohol,  phytol,  the  other  forming  a  ring 
with  one  of  the  bridge  groups.  It  is  considered  likely  that  chlorophyll 


is  normally  attached  to  protein. 

A  great  variety  of  heterocyclic  structures  is  found  in  vitamins, 
co-enzymes  and  related  compounds,  e.g.  thiazole  and  pyrimidine  rings 
in  thiamine,  pyridine  and  purine  rings  in  co-enzymes  I  and  II  (DPN 
and  TPN),  woalloxazine  and  purine  ring  systems  in  flavin  adenine 
nucleotides.  That  the  precise  structure  and  shape  of  these  molecules 
is  of  significance  seems  certain,  but  the  connection  between  these 
properties  and  biochemical  function  has  scarcely  been  investigated. 

A  notable  contribution  is  due  to  Gooder  and  Happold  (1954)  and 
Baker  (1953,  1956)  who  showed  that  pyridoxal  5-phosphate,  a  co¬ 
enzyme  of  tryptophanase,  combines  with  L-tryptophan,  the  substrate, 
to  give  a  complex  in  which  (i)  the  nitrogen  atom  of  the  a-amino  group 
of  the  substrate  and  the  carbonyl-carbon  atom  of  the  aldehydic  group 
of  the  co-enzyme  are  in  close  juxtaposition,  and  (ii)  the  groups  linking 
the  complex  to  the  apo-enzyme,  viz.  the  phosphate  group  of  the 
co-enzyme  and  the  hydrogen  atoms  of  the  indole-imino  group  and  of 
the  carboxyl  group  of  the  substrate,  lie  in  one  plane,  thus  permitting 
hydrogen-bonding  with  the  apo-enzyme.  These  two  conditions  cannot 
be  simultaneously  fulfilled  by  the  complex  formed  between  pyridoxal 
phosphate  and  D-tryptophan  (Fig.  19).  Whereas  the  haem  enzymes 
contain  a  planar  structure  as  their  prosthetic  group,  tryptophanase 
appears  to  form  a  planar  structure  as  its  enzyme-substrate  complex. 
It  is  likely  that  planarity  is  of  importance  because  it  permits  contact 
o  a  large  molecular  area  with  the  protein  surface,  thereby  allowing 
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the  operation  of  van  der  Waal  forces  to  a  maximal  extent.  The  ‘area 
of  flatness'  of  the  L-tryptophan-pyridoxal  complex,  excluding  the 
indole  benzene  ring,  is  about  50  A2. 

Maximal  planarity  is  found  to  be  of  importance  also  in  the  anti¬ 
bacterial  activity  towards  Streptococcus  pyrogencs  of  5-aminoacridine, 
which  has  an  area  of  flatness  of  38  A2;  the  tetrahydro  derivative,  in 
which  this  area  is  reduced  to  28  A2  is  much  less  active  (Albert,  1951). 


o=c 


Fig.  20  Aspartic  acid 


c  =o 


o  nh  3 

In  addition,  in  the  a:/5  dialkyl  stilboestrols  maximal  activity  coincides 
with  maximal  capacity  for  adsorption  in  a  unimolecular  layer  (see 
Clark,  1950).  Planarity  is  also  of  importance  as  a  condition  of  reson¬ 
ance,  which  may  help  to  determine  the  stability  of  enzyme-substrate 
complexes  (cf.  p.  14). 

Molecules  in  solution  may  be  closely  linked  with  solvent  molecules. 
The  hydration  of  ions  is  well-known,  but  other  species  may  be  solvated. 
For  instance  nicotinamide  and  similar  pyridine  derivatives  in  aqueous 
solution  have  a  water  molecule  tightly  bound  to  the  ring  nitrogen 
atom,  as  was  shown  by  Pressman  (1953),  using  antibodies  as  specific 

chemical  reagents.  .  , 

The  ring  systems  considered  in  the  foregoing  sections  are  in  general 

stable,  but  the  formation  of  labile  rings  also  plays  a  large  part  in 
determining  the  properties  of  compounds.  Reference  has  already  been 
made  to  the  formation  of  hydrogen  bridges  in  ortho  derivatives  of 
benzene  (p.  14).  ‘Salt  bridges’  may  also  result  in  ring  formation 
for  instance,  there  is  evidence  that  aspartic  acid  exists  as  a  six-membered 
rins  (Fie.  20).  Ring  formation  through  weak  bonds  plays  a  large  part 
in  determining  the  structure  of  macromolecules,  where  the  co-operative 
effect  of  large  numbers  of  such  weak  bonds  can  lead  to  a  stable  and 

definite  structure. 


POLYMERS 


37 


Proteins  fats  and  carbohydrates  are  complex  molecules  built  up 
from  large  numbers  of  smaller  units.  Complex  carbohydrates  an 
proteins  are  derived  from  units  which  are  all  compounds  of  the  same 
type  ie.  monosaccharides  and  amino-acids,  while  lipids  commonly 
contain  glycerol,  fatty  acids,  phosphoric  acid,  together  with  various 
nitrogenous  compounds  such  as  choline,  serine  and  ethanolamine^ 
Similarly,  nucleic  acids  are  built  up  from  three  different  types  o 
molecule,  purine  or  pyrimidine  bases,  pentoses  and  phosphoric  acid. 

Disaccharides  may  be  considered  as  a  chain  of  two  monosaccharide 
rings,  oligo-  and  poly-saccharides  being  longer  chains.  The  elucidation 
of  the  essentials  of  the  structure  of  some  polysaccharides  was  accom¬ 
plished  long  before  that  of  any  other  biologically-important  macro¬ 
molecules.  There  are  two  types  of  link  in  the  chains  of  complex 
carbohydrates,  a-  and  /9-links,  depending  on  the  configuration  of  the 
carbon  atom  of  the  ‘reducing  group'  (i.e.  C(1)  in  aldoses  and  C(2>  in 
ketoses)  involved  in  the  link.  The  linkage  of  the  monosaccharide 
residue  joined  to  the  reducing  group  may  be  at  any  carbon  atom  other 
than  C(5)  in  a  hexopyranose  or  C(4)  in  a  hexofuranose.  The  molecular 
dimensions  of  ‘native’  polysaccharides  have  not  in  general  been 
established,  only  the  nature  and  chain  length  of  repeating  units  being 
known.  No  satisfactory  classification  of  polysaccharides  can  be  made 
until  more  information  about  their  detailed  structure  is  available. 

Starch,  cellulose  and  glycogen  have  attracted  most  attention,  on 
account  of  their  fundamental  biological  significance,  wide  distribution 
and  economic  importance.  They  are  all  poly-glucoses,  but  their  pro¬ 
perties  are  very  different.  Starch,  the  storage  carbohydrate  of  many 
plants,  consists  of  two  distinct  molecular  species,  amylose  and  amylo- 
pectin,  which  constitute  10-20  and  80-90%,  respectively,  of  natural 
starch.  Amylose  has  an  unbranched  chain  structure  composed  of  1 :4-a- 
glucose  links.  The  chain  also  contains  a  small  proportion  of  1 : 3-/5- 
links.  The  molecular  weight  of  amylose  has  been  assessed  at  10,000- 
15,000.  In  one  form  of  starch  the  chain  is  considered  to  exist  in  the 
form  of  a  helix  with  six  glucose  units  per  turn.  Helical  chains  appear 
frequently  in  polymers,  being  the  structure  formed  naturally  as  re¬ 
peating  units  are  added.  Amylopectin  has  a  molecular  weight  of 
50,000-1,000,000  and  has  a  complex  branched  structure,  branching 
occurring  at  position  6  of  certain  glucose  residues.  There  is  one  end 
group  (i.e.  a  glucose  residue  linked  through  only  one  position  to 
another  glucose  unit)  for  every  24-30  glucose  residues.  The  exact 
configuration  of  the  branched  molecule  is  unknown. 

Cellulose  is  the  structural  polysaccharide  of  plants  and  consists  of 
straight  chains  of  glucose  units  joined  by  means  of  1 :4-/9-links,  as  in 
cellobiose.  The  average  molecular  weight  is  300,000-500,000.  The 
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characteristic  strength,  inertness  and  stability  of  cellulose  is  probably 
related  to  the  arrangement  of  glucose  chains  in  some  sort  of  micellar 
structure. 

Glycogen,  the  storage  polysaccharide  of  animals,  is  a  branched 
polysaccharide  similar  in  structure  to  amylopectin.  The  length  of  the 
unit  chains  of  1 :4-a-glucose  is  12  or  18  residues:  branching  occurs 
through  position  6  of  certain  glucose  units. 

Another  class  of  polymers  of  importance  in  the  living  organism 
consists  of  the  proteins.  It  is  highly  probable,  and  generally  assumed 
in  investigations  of  their  stereochemistry,  that  proteins  and  polypeptides 
are  linear  polymers  of  amino-acids  joined  together  by  means  of  peptide 
links.  The  peptide  chain  may  therefore  be  considered  as  composed  of 
a  repeating  unit,  thus 


-CO— CH 


R 


-NH— CO— CH- 


R 


NH— CO— CH^-NH 


R 


where  R  is  an  amino-acid  side-chain  which  may  be  that  of  any  of  the 
twenty  or  more  individual  acids  which  have  been  isolated  from  pro¬ 
teins.  While  the  amino-acid  composition  of  many  proteins  is  known, 
the  sequence  in  which  the  acids  are  arranged  is  known  for  very  few. 
The  first  protein  for  which  the  complete  sequence  was  determined  was 
insulin  (Sanger,  1952;  Brown  et  al ,  1955).  The  peptide  chain  of  a  pro¬ 
tein  may  be  open,  as  in  insulin,  or  cyclic,  as  in  the  muscle  protein 

The  structures  of  a  number  of  natural  peptides  have  been  determined, 
that  of  oxytocin,  a  hormone  of  the  posterior  pituitary,  having  been 
confirmed  by  synthesis  (du  Vigneaud  et  al,  1953;  Tuppy,  1953:  cf. 
FHiott  1953).  The  amino-acid  sequence  is  cysteine-tyrosine-woleucine- 

glutamine-asparagine-cysteine-proline-leucine-glutamine.  The  sulphur 

atoms  of  the  two  cysteine  residues  are  joined  in  the  natural  state  of  the 
nentide  forming  a  cyclic  structure,  but  this  link  may  be  broken  by 
reduction  and  readily  re-formed  by  oxidation.  The  ready  reversibility 
nf  this  reaction  shows  that  the  spatial  contiguity  of  the  two  sulphur 
1ms  is  mm^itd  in  the  openlain  form  and  shows  the  existence 
of  a  helical  or  other  folded  structure  of  the  peptide  chan  . 

as® 
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Fig  21  Dimensions  of  amide  group  in 
polypeptides  (from  data  of  Corey  and 
Pauling,  1953) 


C 


C 


available  for  synthetic  polypeptides,  (e.g.  polymethyl  L-glutamate), 
the  structure  of  which  is  probably  related  to  that  of  proteins.  In¬ 
vestigations  on  the  crystal  structure  of  amino-acids  and  simple  peptides, 
together  with  measurement  of  bond  angles  and  lengths  for  many 
compounds,  have  shown  that  the  ‘amide’  group  (Fig.  21)  can  be 
considered  a  structure  of  practically  constant  size  and  shape.  Since  the 
peptide  chain  may  be  regarded  as  composed  of  tetrahedral  carbon 
atoms  joined  by  means  of  amide  groups,  this  characterisation  of  the 
amide  group,  together  with  other  information,  has  led  to  the  postulation 
of  a  definite  structure  for  synthetic  polypeptides,  on  purely  stereo¬ 
chemical  grounds  (Corey  and  Pauling,  1953).  It  has  been  found  that 
the  amide  group  is  planar,  on  account  of  resonance  which  gives  a 
partial  double-bond  character  to  the  central  C-N  bond,  and  has  the 
dimensions  shown  in  Fig.  21. 

In  addition,  it  is  found  that  hydrogen  bridges  are  formed  to  the 
maximum  extent.  If  a  polypeptide  chain  is  constructed  containing 
amide  units  of  the  specified  shape  and  size,  full  intramolecular  hydrogen 
bonding  being  imposed,  when  all  the  repeating  units  occupy  equivalent 
positions  two  helical  structures  remain  as  the  only  possible  forms. 
These  are  termed  the  a-  and  y-helices.  The  a-helix  has  been  considered 
in  detail  and  appears  to  be  of  considerable  biological  importance. 
It  is  composed  of  a  chain  of  repeating  units  wound  into  a  helix,  held 
together  by  hydrogen  bridges  between  each  >CO  grouping  and  the 
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>NH  group  of  the  third  residue  further  along  the  chain.  The  helix 
contains  very  nearly  3*7  amino-acid  residues  per  turn  and  can  be 
considered  to  have  a  repeating  pattern  consisting  of  five  complete 
turns.  This  structure  agrees  well  with  evidence  from  X-ray  diffraction 
analyses  of  synthetic  polypeptides  and  seems  most  likely  to  be  correct. 

It  is  known,  in  general  terms,  that  fibrous  proteins  in  their  normal 
(a)  state  have  much  the  same  degree  of  folding  as  synthetic  polypep¬ 
tides:  they  can  be  elongated  to  an  almost  fully-extended  (fi)  form, 
which  is  somewhat  similar  to,  but  not  identical  with,  the  structure  of 
the  collagen  group  of  fibrous  proteins,  and  they  can,  alternatively, 
be  contracted  to  an  even  shorter  (‘supercontracted’)  form  of  the 
folded  chain. 

A  number  of  structures  have  been  suggested  to  account  for  the 
general  characteristics  of  fibrous  proteins,  but  none  is  entirely  satis¬ 
factory.  The  a-helix  hypothesis  is  able  to  account  for  many  features. 
For  instance,  it  can  be  compressed  to  a  helix  of  5T  residues  per  turn, 
or  fully  extended.  The  major  difficulty  to  be  considered  is  that  these 
operations  involve  the  revolution  of  amino-acid  side-chains  through 
90°,  a  process  which  would  be  difficult  if,  as  in  keratin,  extensive 
cross-linking  of  chains  occurs.  Further,  to  obtain  a  satisfactory  ex¬ 
planation  of  an  important  X-ray  reflection  suggesting  a  repeating 
structure  of  5T  A  in  fibrous  proteins,  but  absent  from  synthetic 
polypeptides,  it  is  necessary  to  assume  the  intertwining  of  seven  such 
helices,  so  that  the  axis  of  the  a-helix  must  itself  be  helical.  Further 
complications  arise  in  considering  cyclic  chains,  as  in  tropomyosin, 
for  while  a  helix  free  at  each  end  can  be  extended  or  contracted,  it  is 
difficult  to  visualise  these  processes  taking  place  in  a  cyclic  chain. 
Nevertheless,  the  a-helix  seems  as  satisfactory  a  model  of  an  a-fibre 


as  any  so  far  proposed. 

Experiments  on  the  exchange  of  the  hydrogen  of  proteins  with  the 
deuterium  of  deuterium  oxide  show  that  the  hydrogen  atoms  of  the 
imide  groups  of  the  peptide  link  or  in  labile  positions  in  the  side- 
chains  of  a  number  of  proteins  (e.g.  insulin,  ribonuclease)  are  rapid  y 
exchanged,  whereas  in  the  anhydrous  molecules  hydrogen  atoms  in  the 
peptide  link  are  much  more  firmly  bound  (Linderstrom-Lang, 1955). 
This  suggests  that  while  hydrogen  bridges  are  responsible  for  a  stable 
structure  in  the  solid  protein,  in  solution  the  structure  is  much  more 
labile,  a  finding  which  is  in  accord  with  the  fact  that  the  heat  of  dis¬ 
sociation  of  a  hydrogen  bridge  in  a  peptide  is  6-8  kcal./mole  m  vacuo, 

but  only  1  -5  kcal./mole  in  aqueous  solution. 

Two  other  types  of  protein  structure  have  been  considered.  On 
of  these,  ribbon-like,  in  which  the  >CO  group  of  one  '^'doe.slmked 
to  the  >NH  group  of  a  neighbouring  residue  by  means  of  a  ,  g 
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fails  to  account 
can  be 


bridge  forming  a  succession  of  seven-membered  rings,  ai  s  to 
well  for  X-ray  reflections,  even  of  synthetic  polypeptides.  U 
extended  by  only  one-third,  whereas  conversion  of  an  a-  to  a  / 

structure  requires  the  doubling  in  length  of  the  a"chain- 

A  third  model  which  has  been  extensively  studied  was  suggested  by 
Astbury  and  Bell  (1941).  This  has  only  one-third  of  the  maximum 
possible  number  of  hydrogen  bridges,  although  like  the  Corey- 
Pauling  a-helix,  it  extends  to  the  correct  degree.  It  does  not,  however, 
accord  with  many  observations  made  on  polypeptides. 

It  is  evident  that  no  firm  conclusions  about  the  stereochemistry 
of  the  polypeptide  chain  can  be  drawn,  but  certain  observations  may 
be  made,  (i)  The  exact  data  of  Pauling  and  his  co-workers  establish 
criteria  which,  together  with  X-ray  and  electron  diffraction  data  and 
the  general  characteristics  of  proteins,  provide  very  exacting  tests  of 
proposed  models,  (ii)  It  has  been  shown  by  the  studies  on  synthetic 
polypeptides  that  the  a-helix  is  the  most  stable  structure  for  polymers 
of  neutral  amino-acids,  (iii)  The  presence  of  the  variety  of  amino-acid 
side-chains  which  is  actually  found  in  proteins  gives  opportunities  for 
the  formation  of  hydrogen  and  salt  bridges  and  disulphide  links  which 
may  make  it  necessary  to  develop  special  models  of  polymers  of  non¬ 
equivalent  units. 

The  structure  of  proteins  in  the  /9-form  is  accounted  for  in  terms  of 
extended  polypeptide  chains.  Corey  and  Pauling  have  proposed  two 
‘pleated  sheet’  structures,  made  up  of  parallel  extended  polypeptide 
chains  cross-linked  by  hydrogen  bridges.  In  one  of  the  sheets  neigh¬ 
bouring  chains  point  in  the  same  direction  and  in  the  other  in  opposite 
directions. 

The  structure  of  the  collagen  group  of  fibrous  proteins  is  not  known 
but  a  number  of  models  of  extended  polypeptide  chains  considered 
to  resemble  collagen  have  been  proposed. 

Much  less  is  known  about  the  structure  of  globular  proteins,  but, 
since  they  may  be  converted  into  fibrous  proteins,  e.g.  by  denaturation, 
it  is  believed  that  they  are  of  essentially  the  same  basic  structure  as 
a-fibres,  folded  to  fit  an  elliptical  space  and  secured  by  cross-links 
between  the  side-chains  of  appropriate  amino-acids.  A  number  of 
phenomena  may  be  explained  in  general  terms  by  such  a  model. 
Globular  proteins  in  the  organism  react  with  some  foreign  substances 
in  such  a  way  as  to  ‘fit’  them,  perhaps  as  a  lock  and  key  fit.  Examples 
are  provided  by  the  formation  of  enzyme-substrate  and  of  antigen- 
antibody  complexes.  Pauling  (1940)  has  proposed  that  this  may  be 
achieved  by  one  protein  because  numerous  shapes  can  be  achieved  by 
the  particular  folding  of  a  peptide  chain  bearing  a  variety  of  side-chains. 
Similarly,  enzymes  may  be  conceived  as  being  permanently  ‘locked’ 
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into  a  specific  shape  by  the  cross-linking  and  the  a-fold.  Denaturation, 
the  change  in  a  globular  protein  which  destroys  its  specific  biological 
properties,  changes  its  solubility,  increases  the  number  of  reactive 
groups  and  renders  possible  its  conversion  to  a  fibrous  form,  may 
be  conceived  as  a  disordering  process  made  possible  by  the  breaking 
of  cross-linkages. 

Nucleic  acids  are  found  as  the  prosthetic  groups  of  nucleoproteins. 
Their  importance  in  nature  is  illustrated  by  the  fact  that  both  viruses 
and  chromosomes  are  essentially  nucleoprotein  in  nature,  and,  in 
addition,  evidence  is  accumulating  which  suggests  that  they  have  a 
vital  function  in  connection  with  protein  synthesis,  growth  and 
reproduction. 

The  constituent  molecules  of  nucleic  acids  are  phosphoric  acid, 
pentoses  (D-ribose  and  D-2-deoxyribose),  purine  bases  (adenine  and 
guanine)  and  pyrimidine  bases  (uracil,  cytosine,  5-methyl-cytosine 
and  thymine).  Nucleosides  are  formed  by  union  of  a  molecule  of  one 
of  the  bases  with  one  of  a  pentose,  e.g.  adenosine,  which  is  9-/9-D- 
ribofuranosidoadenine.  Nucleotides  are  phosphate  derivatives  of 
nucleosides:  muscle  adenylic  acid  is  the  5'-phosphate  of  adenosine, 
yeast  adenylic  acid  the  3'-phosphate.  Adenosine  and  adenylic  acid  are 
of  interest  on  account  of  their  relationship  to  adenosine  di-  and  tri¬ 
phosphates  (ADP  and  ATP),  which,  as  energy-rich  compounds,  are 
intimately  connected  with  the  energetics  of  the  cell. 

It  is  believed  that  there  are  two  chief  types  of  nucleic  acid,  ribo- 
and  deoxyribo-nucleic  acids,  but  their  structures  have  not  been  fully 
elucidated.  Both  are  polynucleotides,  the  constituent  nucleotides 
being  linked  through  phosphate  groups,  thus 


base 


base 


— sugar- 


-phosphate— sugar— phosphate— 

Ribonucleic  acids  are  estimated  to  consist  of  some  32-70  nucleotides, 
while  deoxyribonucleic  acids  may  contain  from  1,600  to  9,600 

nucleotides.  ,  /1A,n  ,  .  , 

The  structure  assigned  to  nucleic  acids  by  Astbury  (1945)  depicts 
the  molecule  as  consisting  of  rigid  columns  of  nucleotides  piled  one 
above  another  with  the  planes  of  the  base  and  pentose  rings  paral  e  . 
The  spacing  of  the  nucleotides  along  the  phosphate  chain  is  a  most  the 
same  (3-3  A)  as  that  of  adjacent  side  chains  in  an  extended  polypeptide 
chain  (e.g.  in  /9-keratin).  Pauling  and  Corey  (1953)  have  suggeste 
that  the  structure  is  that  of  three  intertwined  helical  polynucleotide 
chains  having  about  3-4  nucleotide  residues  per  turn.  The  phospha le 
groups  and  pentose  residues  are  packed  around  the  axis,  the  basic 
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,  prouDS  nroiectine  radially  in  planes  normal  to  the  axis  of  the  molecule. 
Another  suegestfon,  by  Watson  and  Crick  (1953),  is  that  in  deoxynbo- 
nucldc  adftwo  helical  chains  are  coiled  round  a  common  axis, 
with  the  basic  residues  inside  and  the  phosphate  groups  outside. 
Hydrogen  bridges  are  formed  between  certain  pyrimidine  and  purine 
bases  (adenine-thymine  or  guanine-cytosine).  Feughelman  eta.  (1955) 
have  shown  that,  while  the  dimensions  of  the  Watson-Crick  model 
are  not  exactly  correct,  the  general  pattern  appears  to  explain  th 
properties  of  deoxyribonucleic  acid  satisfactorily.  There  is  some 
evidence  from  X-ray  analysis  that  the  Watson-Crick  structure  occurs 
in  intact  biological  material  such  as  bacteriophage  and  sperm  heads 
(Wilkins  et  al.,  1953).  This  structure  provides  a  basis  for  a  ‘template 
theory  of  nucleic  acid  duplication,  similar  to  that  suggested  by 
Haurowitz  (1950)  for  protein  synthesis. 

There  is  experimental  evidence  that  molecules  of  deoxyribonucleic 
acid  contract  by  30-40%  in  the  presence  of  small  amounts  of  electro¬ 
lytes  and  that  the  structure  of  the  contracted  form  is  that  of  the  Watson- 
Crick  model.  Helices  corresponding  to  both  contracted  and  extended 
molecules  fit  well  into  the  lattice  of  water  molecules.  This  accounts 


for  a  number  of  unusual  properties  of  nucleic  acid  solutions,  e.g.  the 
very  large  dielectric  constant  of  salt-free  deoxyribonucleic  acid  solu¬ 
tions  which  is  due  to  the  ordering  of  water  molecules  to  form  a  more 
regular  structure  (cf.  Jacobson,  1953).  The  similarity  of  the  structures 
of  the  nucleic  acid  molecule  and  the  water  lattice  would  enable  water 
molecules  inside  the  helix  to  form  hydrogen  bridges  with  the  purine 
and  pyrimidine  residues  and  allow  two  chains  to  separate  with  little 
change  in  energy,  possibly  even  as  fully-extended  straight  chains. 

All  the  macromolecules  considered  in  the  foregoing  paragraphs 
suffer  to  some  extent  from  a  vagueness  of  definition.  The  concept  of  a 
molecule,  which  is  unambiguous  for  small  units,  becomes  indistinct 
for  very  large  units.  The  power  of  even  weak  bonds  to  unite  two  large 
molecules  becomes  great  when  a  large  number  of  such  bonds  can  be 
formed  and  the  distinction  between  a  macromolecule  and  a  complex 
of  micromolecules  is  difficult  to  make  in  practice.  It  is  as  a  result  of 
this  that  the  ‘molecular  weight’  of  macromolecules,  particularly  of 
soluble  proteins,  tends  to  decrease  with  the  application  of  new 
techniques,  which  permit  dissociation  of  complexes  without  loss  of 
biological  activity  and  specificity.  On  the  other  hand  it  is  often  doubted 
whether  the  concept  of  a  ‘molecule’  can  be  applied  at  all  to  macro¬ 
molecules  in  vivo.  It  is  known  that  the  cyclophorase  system  of  mito¬ 
chondria  is  a  unified  and  organised  system  of  conjugated  proteins 
(Green,  1951).  Individual  proteins  can  be  isolated  and  may  show 
enzymic  activity,  but  are  known  to  have  been  changed  in  some  aspects 
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of  their  behaviour.  For  example,  co-enzymes  may  be  readily  dissociated 
from  isolated  enzymes,  but  they  are  believed  to  be  relatively  firmly 
bound  in  vivo.  Some  complexes,  for  example  those  of  proteins  with 
lipids  and  carbohydrates,  have  so  far  been  only  vaguely  characterised. 
Studies  on  the  association  of  proteins  with  ions  or  small  molecules 
show  that  extensive  combination  occurs  in  solution.  The  solvent, 
water,  appears  to  be  an  integral  part  of  the  protein  structure.  Thus! 
even  for  soluble  macromolecules,  it  is  difficult  to  define  a  molecule. 
For  structural  proteins,  such  as  exist  in  the  visible  fibres  of  various 
tissues,  it  is  even  more  difficult.  It  seems  likely  that  as  knowledge  of 
structure  in  vivo  grows  it  will  be  found  that  molecules  and  complexes 
of  molecules  form  larger  structures  and  that  no  clear  boundary  exists 
between  atoms  and  visible  structures. 

The  study  of  structures  intermediate  in  size  between  molecules  and 
visible  objects  lies  in  the  domain  of  submicroscopic  morphology. 
Until  the  invention  of  the  electron  microscope,  only  indirect  methods 
of  research  were  available,  but  this  instrument  has  made  it  possible 
to  visualise  particles  from  the  size  of  macromolecules  upwards,  albeit 
in  a  somewhat  aphysiological  environment.  It  is  to  be  expected, 
therefore,  that  the  borderline  between  structural  chemistry  and 
morphology  will  disappear.  This  subiect  has  been  reviewed  by  Frey- 
Wyssling  (1952). 
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CHAPTER  2 


PARTICLES  IN  MOTION 


According  to  the  kinetic  theory,  atoms  and  molecules,  the  con¬ 
stituent  particles  of  all  forms  of  matter,  are  in  constant  motion. 
Differences  between  gases,  liquids  and  solids  are  due  to  factors  which 
affect  the  independence  of  these  particles  and  which  become  more 
important  and  complex  as  we  proceed  from  the  gaseous  state  to  the 
solid  state.  The  simplest  form  of  matter  is  the  ‘perfect’  gas,  the  be¬ 
haviour  of  which  is  taken  as  a  standard  with  which  to  compare  the 
properties  of  other  forms  of  matter.  In  its  simplest  form  the  kinetic 
theory  of  gases  is  based  on  a  consideration  of  systems  of  constantly- 
moving,  hypothetical  particles  which  are  assumed  to  be  spherical, 
but  of  negligible  volume,  perfectly  elastic  and  without  mutual  attrac¬ 
tion  or  repulsion.  Certain  characteristics  of  gases,  such  as  pressure  and 
diffusion,  are  readily  accounted  for  qualitatively  by  the  application 
of  this  concept.  The  application  of  Newtonian  mechanics  to  such 
systems  makes  possible  the  derivation  of  such  fundamental  relation¬ 
ships  as  Boyle’s  and  Charles’s  laws,  Avogadro’s  hypothesis,  Graham's 
law  of  diffusion  and  the  gas  equation.  It  is  well-established  on  experi¬ 
mental  grounds  that  these  relationships  hold  over  only  a  narrow  range 
of  conditions,  presumably  the  range  over  which  the  properties  of  the 
atoms  or  molecules  approximate  to  those  of  the  hypothetical  particles. 
Atoms  and  molecules  are  in  fact  of  various  shapes  and  definite  sizes 
and  they  exert  a  considerable  influence  one  upon  another.  Deviations 
of  the  properties  of  any  form  of  matter  from  those  of  a  pei  feet  gas 
are  largely  a  consequence  of  the  mutual  influence  of  the  constituent 
particles.  In  the  ideal  state  particles  in  systems  are  completely  in¬ 
dependent,  but  in  real  gases  they  are  subject  to  long  range  attractive 
forces  (van  der  Waal’s  forces)  which  obey  an  inverse  power  law  of  about 
the  sixth  power  and  short  range  repulsive  forces  which  are  approxi¬ 
mately  proportional  to  the  reciprocal  of  the  ninth  power  of  the  distance. 
The  former  are  those  concerned  in  changes  of  state.  Repulsive  forces, 
which  are  probably  due  to  the  proximity  of  similarly  charged  electron 
clouds,  are  effective  only  when  molecules  approach  very  closely. 
Attractive  forces  are  of  particular  importance  when  the  particles  are 
densely  packed,  i.e.  at  high  pressures,  or  when  their  velocity  is  sma  , 
i.e.  a/low  temperatures.  These  conditions  are  those  associated  with 
the  changes  of  state  gas->liquid  and  liquid->solid. 
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The  ‘gas  equation’  which  expresses  the  behaviour  of  ideal  gases  is 

pV  =  RT 

where  p  is  the  pressure,  V  the  molar  volume,  R  the  gas  constant  and 
T  absolute  temperature.  Many  attempts  have  been  made  to  modify 
this  equation  to  account  for  the  ‘non-ideal’  behaviour  of  real  gases, 
the  best-known  modification  being  that  of  van  der  Waal  which  accounts 
reasonably  well  for  the  actual  behaviour  of  gases.  This  equation  is 

(p  +  a/F2)(F-b)  =RT  (3) 

where  a  and  b  are  constants.  The  term  a/F2  allows  for  the  attraction 
between  the  particles  and  b  for  their  volume.  Equation  (3)  may  also 
be  written 


F3  -  (b  +  RT/p) V2  +  (a lp)V  -  (ab Ip)  =  0 

and,  as  a  cubic  equation,  has  three  roots,  although  for  large  values  of 
T  there  is  only  one  real  root.  The  temperature  at  which  the  transition 
from  three  roots  to  one  takes  place  is  the  critical  temperature  which, 
for  practical  purposes,  is  the  temperature  above  which  a  gas  cannot 
be  liquefied  by  means  of  pressure  increase  alone. 

In  liquids  the  constituent  particles  are  more  densely  packed  than  in 
gases.  On  account  of  attractive  forces  there  is  a  greater  degree  of 
cohesion  and  the  particles  have  less  independence.  For  this  reason 
liquids  do  not  occupy  the  whole  of  the  volume  available  to  them  as 
do  gases.  Nevertheless  the  remainder  of  the  available  space  is  occupied 
by  molecules  in  the  vapour  state,  since  a  certain  proportion  of  the 
molecules  have  velocities,  and  hence  kinetic  energies,  great  enough  to 
allow  then  to  overcome  the  attractive  forces  of  the  molecules  in  the 
liquid  phase.  The  molecules  which  escape  exert  a  definite  pressure, 
the  so-called  vapour  pressure  of  the  liquid.  The  loss  of  these  molecules 
reduces  the  average  kinetic  energy  of  the  molecules  in  the  liquid  phase, 
so  that  the  temperature  is  lowered.  If  the  temperature  of  a  liquid  is 
raised  a  greater  proportion  of  the  molecules  are  able  to  escape:  the 
vapour  pressure  increases  until  at  a  certain  temperature  it  is  equal  to  the 
prevailing  atmospheric  pressure  so  that  evaporation  is  rapid  and  the 
liquid  boils.  The  intermolecular  attractive  forces  which  act  upon  the 
molecules  of  a  liquid  at  its  surface  are  asymmetrical  compared  with 
the  balanced  forces  which  act  upon  molecules  in  the  bulk  of  the 
liquid.  As  a  result  the  surface  of  a  liquid  behaves  as  an  elastic  skin 
with  which  surface  or  interfacial  tension  is  associated. 

In  the  solid  state  the  molecules  are  usually  more  closely  packed  than 
in  a  liquid  and  in  consequence  are  held  rigidly.  Their  motion  is  prob¬ 
ably  confined  to  vibration;  indeed  the  structure  of  a  solid  has  much 
in  common  with  that  of  a  molecule,  molecules  replacing  nuclei. 
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The  arrangement  of  molecules  in  a  gas  is  random,  while  in  a  liquid 
there  is  a  certain  degree  of  order.  On  cooling  a  liquid  either  amorphous 
or  crystalline  solids  may  be  formed.  In  amorphous  solids  crystalli¬ 
sation  has  not  occurred  and  the  properties  are  intermediate  between 
those  of  the  crystalline  and  liquid  states.  On  the  other  hand,  crystalline 
solids  are  quite  distinct  from  liquids.  Crystallisation  depends  on  the 
formation  of  ‘nuclei’.  As  a  liquid  is  cooled  there  is  an  increase  in  the 
tendency  of  the  molecules  to  aggregate.  The  aggregates  formed  are 
subject  to  tendencies  both  to  disperse  and  to  grow:  there  is  a  critical 
size  above  which  the  tendency  to  grow  predominates  and  which  is 
smaller  the  lower  the  temperature.  In  crystalline  solids  there  is  a  high 
degree  of  order,  comparable  to  the  ordered  arrangement  of  atoms  in 
a  molecule.  The  molecules  or  ions  are  arranged  in  lattices  in  a  regular 
way  to  give  crystals  which  are  characterised  by  orderly  and  invariable 
geometric  forms.  One  of  the  most  powerful  techniques  available  for 
the  study  of  crystalline  solids  is  X-ray  diffraction,  which  may  be  applied 
to  complex  molecules  such  as  proteins  as  well  as  to  simple  structures. 


DISTRIBUTION  OF  ENERGY 

An  assembly  of  a  large  number  of  molecules  under  conditions  of 
constant  temperature  and  pressure  will  settle  down  to  an  equilibrium 
state.  This  is  not  because  all  the  molecules  achieve  equal  velocities  and 
energies.  Since  they  are  in  constant  motion  and  collision,  there  is  a 
continual  change  in  the  velocity,  and  hence  in  the  energy,  of  any  given 
molecule  over  a  period  of  time.  The  equilibrium  attained  is  therefore 
a  statistical  equilibrium,  due  to  the  fact  that  at  any  instant  of  time  an 
approximately  constant  number  of  molecules  is  in  any  given  state. 
The  value  taken  for  the  velocity  of  a  molecule  in  calculations  based 
on  the  kinetic  theory  of  matter  is  therefore  an  average  value,  repre¬ 
senting  the  velocity  of  a  single  molecule  if  the  total  energy  were 
distributed  evenly  among  all  the  molecules,  or  the  average  velocity  of 
a  single  molecule  over  a  long  period  of  time.  It  is  clear  that  it  is 
important  to  be  able  to  calculate  the  distribution  of  the  values  of  para- 
meters  among  a  group  of  particles.  This  is  one  of  the  fundamental 

problems  of  statistical  mechanics.  . 

Energy  states  can  be  visualised  as  compartments  into  which  the 

individual  molecules  of  an  assembly  can  be  placed.  The  most  pioba  e 
arrangement  is  the  one  that  can  be  realised  in  the  greatest  number  of 
ways  The  number  of  ways  (w)  of  achieving  a  distribution  of  n  particles 
among  various  compartments  which  contain  respectively  nh  m,  n3  etc. 
particles  each  is 

n//»,/n2W  (4) 


distribution  of  energy 
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As  an  example  let  us  consider  the  distribution  of  1 1  units  of  energy 
,  fna  deles  There  are  a  very  large  number  of  ways  in  which 
the°particles  can  be  arranged  to  fulfil  the  necessary  requirements. 
Seven  possible  arrangements  are  as  follows. 


ENERGY  UNITS  PER  PARTICLE 
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The  values  of  w  for  these  are,  respectively,  1,365,  15,015,  90,090, 
180,180,  300,300,  360,360  and  8,108,100.  It  can  be  seen  that  w  is 
smallest  for  the  first  two  of  these  arrangements  in  which  only  two  or 
three  compartments  or  energy  levels  are  occupied  and  increases  as 
the  distribution  of  particles  becomes  more  regularly  graded.  Of  the 
examples  given  the  value  of  w  is  greatest  where  the  grading  is  quite 
regular:  in  fact  it  can  be  taken  that  this  arrangement  has  the  greatest 
possible  value  of  w. 

If  a  given  arrangement  of  particles  is  the  most  stable  attainable, 
no  possible  rearrangement  can  produce  a  more  stable.  If  maximum 
stability  is  associated  with  a  maximum  value  of  w,  no  change  in  w 
should  occur  when  a  slight  rearrangement  is  made:  greater  disturb¬ 
ances  should  result  in  a  decrease  in  w. 

Let  us  consider  adjacent  levels,  A,  B,  C,  D,  E,  containing  tiu  n2, 
n3,  n,  and  n5  particles,  respectively.  Then,  from  equation  (4), 


w  =  nHnt!n2!n:i!n4!ti5! 


(5) 


where  n  —  n,  +  n2  +  n3  +  n4  +  n5.  If  one  particle  is  moved  from 
level  B  to  level  C  and  one  from  B  to  A,  so  that  there  is  no  change  in 
the  total  energy  of  the  system,  the  new  arrangement  can  be  achieved 
in  w;  ways,  where 


w,  =  n!/(n,  +  1 )/  (n2  —  2)!(n3  +  1 )!  n4!n5!  (6) 


From  equations  (5)  and  (6) 

w,/w  =  n1!n2!n3!\(nl  +  1  )l(ns  —  2)!(n3  +  1)/ 

—  ftAn>  1  )Kfh  +  1)  {n3  +  1)  (7) 

In  the  example  which  has  been  considered  only  15  particles  were 
involved:  in  dealing  with  actual  samples  of  gases  numbers  of  the  order 
of  1023  are  concerned.  These  large  numbers  are  in  fact  an  essential 
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condition  for  the  validity  of  the  conclusions  of  statistical  mechanics. 
Thus,  when  n,,  tu  etc.  are  very  large,  from  equation  (7) 

w;/w  =  riling 

Again,  in  considering  very  large  numbers  of  particles,  the  exchange  of 
only  two  of  them  should  not  change  the  value  of  w  to  any  significant 
degree.  Therefore  w7/w  =  1,  and 

n\  =  ntn3 

i.e.  =  n2/n3 

This  may  be  taken  as  the  condition  that  w  shall  not  be  changed  by 
small  rearrangements,  i.e.  the  condition  of  maximum  stability  and 
probability.  It  can  be  seen  to  apply  to  our  simple  example,  where 
8/4  =  4/2  =  2/1.  The  numbers  8,  4,  2,  1  are  in  geometric  progression. 
The  simplest  equation  expressing  such  a  series  is  of  the  form  y  =  e-x. 
This  is  a  negative  exponential  function.  Expressions  involving  such 
functions  are  common  in  physical  chemistry  (cf.  p.  52).  The  equation 
for  the  distribution  curve  of  particles  among  energy  states  is  of  the 
form 

n  —  ke-^’  (8) 


where  /u  and  k  are  constants.  /*  depends  on  the  total  energy  of  the 
system  (Et)  and  is  proportional  to  1  /Et.  By  comparing  results  (e.g. 
values  for  thermodynamic  parameters)  obtained  using  expressions  of 
this  type  with  those  obtained  by  independent  methods,  (i  is  found  to 
be  equal  to  1  /kT,  where  k  is  the  Boltzmann  constant.  Thus  equation 
(8)  may  be  written 

tii  =  ke~£'/fe7’ 


where  n  denotes  the  number  of  particles  (molecules)  having  eneigy 
Et.  If  the  energy/mole  (Emt)  is  to  be  considered,  since  NEt  =  Emi 
(N  being  the  Avogadro  number)  and  k  =  R/N, 

EjkT  =  NEi/RT  =  EJRT, 


The  total  number  of  molecules  in  the  system  is  the  sum  of  the  numbers 
of  molecules  in  the  individual  energy  levels  and  is  expressed  by 


n  =  —  k!mle 


- EmiIRT 


Thus  the  fraction 
Emi  is  given  by 


of  the  total  number  of  molecules  which  have  energy 

njn  =  e-E-'"iI7  X,„fi-E-<IRT 
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If  two  energy  states  (i  and  j)  are  considered,  containing  nt  and  n, 
molecules,  respectively,  the  energies  associated  with  the  states  being 
Emi  and  Emj,  then 

njnmi  =  kt-E^IRTl  ke-E"<IRT  =  ^-E^RT  =  &-AE-'RT 
where  =  Emj  —  Emi 

It  is  sometimes  useful  to  express  the  distribution  of  molecules  and 
energy  in  terms  of  the  number  of  molecules  in  the  lowest  (zero)  energy 
level.  In  the  above  expression  let  nmi  =  //0  and  Emi  —  0.  Then 

Hj/n  o  =  e~E™'RT 

or 

n  j  —  n0e~EmilRT 

For  simplicity  we  have  considered  particles  which  are  distinguishable. 
This  condition  is  not  applicable  to  molecules  of  the  same  compound, 
to  atoms  of  the  same  element  or  to  sub-atomic  particles.  An  analogous, 
though  more  complex,  treatment  (Bose-Einstein  statistics)  can  be 
applied  to  identical  particles  (atoms  and  molecules)  and  another 
(Fermi-Dirac  statistics)  to  identical  particles  which  are  subject  to 
Pauli’s  exclusion  principle  (p.  2).  In  both  of  these  negative  ex¬ 
ponential  expressions  of  essentially  the  same  form  as  the  above  are 
obtained.  Indeed,  for  atoms  and  molecules  classical  statistics  may 
be  used,  but  for  electrons  Fermi-Dirac  statistics  must  be  applied. 

The  distribution  of  velocities  among  assemblies  of  particles  can  be 
derived  without  the  assumption  of  quantum  levels  which  is  implicit 
in  the  statistical  mechanical  approach  as  outlined  above.  Maxwell’s 
law  is  derived  from  simple  assumptions  concerning  the  probability 
that  the  components  of  velocity  lie  within  certain  limits.  It  is  found 
that  the  fraction  of  the  total  number  of  molecules  (d nu/n)  having 
velocities  between  u  and  u  T  d u,  irrespective  of  direction,  is  given  by 
the  expression  J 


(d/7»(l/dw)  =  Att( A//2tt/?T)3/2  .  q-mv^rt  '  U2 


(9) 


where  M  is  the  molecular  weight  of  the  gas.  If  (d njn) .  (1/div)  is  plotted 
against  u  the  curve  illustrated  in  Fig.  22  is  obtained.  The  area  between 
two  ordinates  dw  apart  is  equal  to  d njn.  Most  of  the  molecules  have 
velocities  lying  within  a  comparatively  narrow  range:  relatively  few 

have  very  high  or  very  low  velocities.  The  mean  velocity  («)  of  the 
particles  is  given  by  J 


u 


udn, 


n 


library 

If  ? 
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Substituting  for  d/7„  from  equation  (9)  and  integrating 

u  =  (SRTIttM)'* 

Since  kinetic  energy  E  =  Mir/2  and  d E  =  Mu.  An,  equation  (9) 
may  be  written 

p-B/RT  pi 

n  'd E  (i jRTf- 

where  d nE  is  the  fraction  of  the  total  number  of  molecules  having 
kinetic  energy  between  E  and  E  +  d E.  The  interest  in  this  equation 
lies  in  the  term  e-E/*7’,  a  negative  exponential  function  which  is 
common  in  physical  chemistry.  It  is  often  necessary  to  know  what 


Fig.  22  Velocity  (</)  distribution  in  an  assembly  of  particles 

fraction  of  the  molecules  in  a  group  have  energy  greater  than  a  certain 
amount,  as,  for  example,  in  the  consideration  of  reaction  velocity 
(p  56).  The  treatment  of  the  above  equations  necessary  to  give  this 
information  is  complex,  but  a  simplification  leading  to  results  which 
are  approximately  accurate  is  possible  if  the  movement  of  molecules 
in  two,  instead  of  three,  dimensions  is  considered.  Under  these  condi¬ 
tions 

dnE  _1_ _ _1_  e  -e/rt 

T~  ‘  d E  ~  RT 

The  fraction  of  the  total  number  of  molecules  having  energy  in  excess 
of  E  is  determined  by  integration,  thus 
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Entropy 

Since  by  collision  the  energies  of  all  particles  in  a  group  are  continu- 
atlv  changing  there  is  considerable  movement  of  particles  betwee 
iLv  lel-k  ’  so  that  all  the  possible  arrangements  can  occur.  At 
^fiUrm  however,  the  condLn  of  the  assembly  will  be  very  near 
to  its  most  probable  state.  Reference  has  been  made  to  he  statistics 
equilibrium  Pof  systems  in  the  state  of  greai test  probability  i.e  t 
which  can  be  realised  in  the  greatest  number  of  ways.  Although  th 
is  regarded  as  a  chaotic  state  we  have  seen  that  there  is  a  definite  type 
of  arrangement  which  satisfies  the  necessary  conditions.  The  entropy 
of  a  system,  usually  designated  S,  is  an  index  of  the  probability  of  the 
system  and,  conversely,  of  its  randomness,  it  is  a  function  of  the 
statistical  mechanical  probability,  i.e.  S  =  <f>  (w).  If  two  systems  have 
probabilities  wa  and  w2  and  entropies  Si  and  S2,  the  probability  and 
entropy  of  a  system  formed  by  combining  the  two  are  wxw2  and 
(5,  +  S2),  respectively.  Thus 

S  —  Si  +  S2  =  </>(WjW2) 
and  ^(WjWg)  =  ^(Wj)  +  <Rw2) 

These  conditions  are  satisfied  by  a  logarithmic  function  which,  if 
the  units  are  suitably  chosen,  may  be  written  as 


y  ==  h  In 


where  k  is  the  Boltzmann  constant. 

The  concept  of  entropy  is  widely  used.  Entropies  are  directly  related 
to  probabilities  and  if  they  are  to  have  values  which  can  be  of  practical 
use  the  probabilities  concerned  must  be  finite.  If  there  were  no  discrete 
energy  states,  as  prescribed  by  the  quantum  theory,  the  number  of 
possible  arrangements  of  particles,  and  hence  the  magnitude  of  the 
corresponding  probabilities,  would  be  infinite.  It  would  then  be 
impossible  to  calculate  absolute  values  of  entropy,  although  differences 
in  entropy  would  be  meaningful. 


Equipartition  of  energy  and  degrees  of  freedom 

So  far,  only  energy  of  translation  has  been  considered,  but  the 
principles  discussed  apply  also  to  the  other  forms  of  energy,  viz. 
rotational  and  vibrational.  For  simple  molecules  both  these  can  be 
resolved  approximately  into  components,  which  may  be  represented  as 
squared  terms,  in  a  way  similar  to  the  resolution  of  translational  energy 
into  components  directed  along  the  Cartesian  co-ordinates.  Thus  for 
translational  energy 

Etr  =  \miti  +  h£  +  wf) 
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where  ux,  uy  and  uz  are  components  of  velocity.  For  vibrational  energy 
if  simple  harmonic,  ’ 


Ev  =  kinetic  energy  +  potential  energy 

=  \mx2  +  l  fix2 

where  x  is  displacement  and  fi  a  constant,  and,  for  rotational  energy 

Er  =  2 Io>2 


where  /  is  the  moment  of  inertia  about  the  axis  of  rotation  and  to  the 
angular  velocity.  Each  component  of  these  expressions  is  termed  a 
degree  of  freedom:  there  are  thus  three  degrees  of  freedom  for  trans¬ 
lational  energy,  one  for  each  type  of  rotation  and  two  for  each  mode 
of  simple  harmonic  motion. 

The  law  of  equipartition  of  energy  states  that  the  average  value  of 
each  of  the  squared  terms  (i.e.  energy  per  degree  of  freedom)  becomes 
the  same  at  thermal  equilibrium,  the  amount  being  \RT  per  mole, 
i.e.  \kT  per  molecule. 

The  number  of  degrees  of  freedom  which  a  molecule  possesses  may 
increase  rapidly  with  its  complexity.  Many  of  these  extra  degrees  of 
freedom  are  due  to  rotation  about  single  bonds,  so  that  an  unbranched 
saturated  carbon  chain  structure  has  a  large  number  of  degrees  of 
freedom  and,  since  the  various  possible  configurations  of  such  a  chain 
are  chemically  indistinguishable,  the  entropy  of  the  molecule  is  high. 
If,  however,  constraints  are  introduced,  such  as  double  bonds  about 
which  rotation  is  restricted  or  ring  formation  which  has  a  steric  effect 
upon  rotation,  the  number  of  degrees  of  freedom  is  reduced  and  the 
individual  structures  become  distinguishable  and  are,  in  fact,  recognised 
as  isomers.  The  probability  of  each  is  relatively  small  and  the  entropy 
low  in  consequence.  Examples  of  isomeric  forms  of  double-bonded 
structures  were  considered  in  the  previous  chapter  (p.  26)  and  values 
for  the  entropy  of  various  types  of  compound  are  given  in  the  next 
(p.  66).  High  polymers  which  have  specific  configurations  (e.g.  native 

protein)  have  low  entropies. 


COLLISION  AND  REACTION 

Collisions  have  so  far  been  regarded  as  purely  physical  events,  no 
interaction  of  the  colliding  particles  occurring.  When  two  particles 
collide  however,  repulsive  forces  do  not  always  resist  interpenetration 
of  the ’electron  clouds  which  may  coalesce  with  the  formation  of  a 
bond.  This  idea  is  fundamental  to  modern  theories  of  chemical  reaction, 
some  sort  of  collision  being  regarded  as  an  essential  preliminary. 
It  is  possible  to  deduce  various  relationships  concerning  leaction 
rates  from  very  simple  concepts.  The  rate  of  a  reaction  must  depend 
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on  the  frequency  of  collisions  between  the  atoms  or  molecules  con- 
cerned  and  it  is  useful  to  consider  how  a  quantitative  expression  ot 
this  may  be  derived.  Some  basic  ideas  must  first  be  discussed. 

The  expression  ‘mean  free  path’  is  used  to  denote  the  average  distance 
travelled  by  a  particle  between  collisions  and  is  a  measure  of  the 
collision  rate,  i.e.  the  shorter  the  mean  free  path,  the  greater  the 
collision  rate.  For  hydrogen  molecules,  which  have  a  diameter  of 
about  24  x  10_8cm.  and  a  mean  velocity  of  about  169,300  cm./sec., 
the  mean  free  path  at  N.T.P.  is  of  the  order  of  122  X  10  1  cm.,  i.e. 
about  60,000  times  its  diameter.  For  an  oxygen  molecule  with  a  dia¬ 
meter  of  3  x  10~7  cm.  and  a  mean  velocity  of  42,500  cm./sec.,  the 
mean  free  path  is  64  x  10“6,  i.e.  about  20  times  its  diameter.  The 
mean  free  path  decreases  as  the  diameter  of  molecules  increases  and 
depends  also  on  the  number  of  molecules  present.  When  mixtures  of 
gases  are  considered,  the  mean  free  paths  depend  on  the  molecular 
weights  of  the  colliding  species. 

In  considering  collision,  the  van  der  Waal,  or  collision  diameter  is 
used.  This  is  the  closest  distance  of  approach  of  the  two  particles  and 
is  noted  by  a.  The  most  useful  index  of  collision  frequency  is  the 
collision  number  (Z)  which  is  defined  as  the  total  number  of  collisions 
which  occur  in  unit  volume  in  unit  time.  For  collisions  between  two 
species  of  gaseous  particles,  A  and  B,  the  collision  number  Z AB  is 
given  by 


inAnB(aA  +  | 

(Sn  RT(Ma  +  Mb)\ 

\  V2  )  ' 

\  mamb  ) 

where  nA  and  nB  are  the  numbers  of  molecules  of  A  and  B,  respectively, 
in  volume  V,  a A  and  aB  the  collision  diameters  of  A  and  B  and  M  , 
and  Mb  their  molecular  weights.  In  biochemistry,  reactants  are  usually 
present  in  solution  and  it  has  been  found  that  the  above  expression 
may  be  used  for  collisions  between  solute  molecules.  It  is,  however, 
sometimes  necessary  to  consider  collisions  between  solute  and  solvent 
molecules.  The  expression  most  frequently  used  for  this  collision 
number  (ZAS)  is 


3irnAr)oAl2MA 

where  nA  is  the  number  of  molecules  of  solute  A  present  in  unit  volume 

of  solution,  Ma  the  mass  of  a  molecule  of  solute  and  r>  the  viscositv 
of  the  solvent.  J 

As  would  be  expected,  the  frequency  of  collision  is  proportional  to 
he  number  of  particles  present.  It  has,  however,  been  calculated  that 
the  number  of  collisions  which  occur  is  much  greater  than  the  number 
of  particles  wh.ch  react.  This  leads  to  the  suggestion  that,  in  addhion 
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to  colliding,  particles  must  possess  more  than  a  critical  amount  of 
energy,  termed  the  energy  of  activation  (Eact)  of  the  particular  re¬ 
action,  if  collision  is  to  be  followed  by  reaction.  An  expression  of  the 
traction  of  ‘activated’  molecules  in  an  assembly  has  been  discussed 
earlier  in  this  chapter  (p.  52),  namely 

nFJn  =  e~E'I{T 

Another  factor  must  also  be  taken  into  account.  Not  only  must 
molecules  with  sufficient  energy  collide,  but  they  must  collide  in  a 
certain  position  relative  to  one  another  if  a  reaction  is  to  result.  The 
reactivity  of  a  molecule  varies  from  one  part  to  another,  an  extreme 
case  being  enzymic  proteins,  some  of  which  are  believed  to  have 
very  few  ‘active  centres'  per  molecule.  A  probability  factor  is  therefore 
included  in  the  expression  for  reaction  rate,  which,  for  unit  con¬ 
centrations  of  reactants,  may  be  written 

v  =  k  =  PZe~EattlRT 

where  v  is  the  velocity  of  reaction,  P  the  probability  factor,  Z  the 
collision  number,  E„ct  the  energy  of  activation,  R  the  gas  constant 
and  T  the  absolute  temperature:  k  is  termed  the  specific  rate  constant. 

The  first  expression  of  the  ideas  outlined  above  was  due  to  Arrhenius 
(1889,  cf.  Arrhenius,  1912),  whose  equation 

k  =  A  Q~E"ctlRT 


is  analogous  to  the  integrated  form  of  the  van’t  Hoff  reaction  isochore 
(equation  (37),  p.  85).  The  resolution  of  the  constant  A  into  prob¬ 
ability  and  collision  factors  was  a  later  development.  Later  still  the 
idea  of  reaction  taking  place  with  the  intermediate  formation  of  an 
activated  complex  or  transition  state  was  introduced.  One  of  the  most 
important  drawbacks  to  the  collision  theory  of  reaction  is  the  failure 
to  assess  the  probability  of  reaction  satisfactorily  on  the  basis  of  the 
structure  of  the  reacting  particles.  Consequently  other  theories  have 
been  put  forward,  notably  the  theory  of  absolute  reaction  rates  in  which 
conditions  of  collision  are  defined  more  exactly,  e.g.  in  terms  of  funda¬ 
mental  physical  properties  of  reacting  particles  such  as  their  dimensions 
and  vibration  frequencies.  Some  aspects  of  this  theory  are  considered 
in  a  later  chapter  (p.  140). 
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CHAPTER  3 


principles  of  thermodynamics 


Chemical  reactions  and  physical  processes  occur  continuously  n 
living  organisms  and  involve  the  transfer  and  transformation  of  both 
matter  and  energy.  Since  thermodynamics  is  the  study  of  energy 
changes  it  is  of  considerable  importance  in  biochemistry. 

Thermodynamics  considers  only  observable,  macroscopic  changes 
and  is  not  directly  concerned  with  the  molecular  theory  of  matter. 
In  this  way  it  is  different  from  other  theoretical  approaches  to  chemistry 
which  deduce  consequences  from  the  assumption  that  matter  is  com¬ 
posed  of  sub-microscopic  particles  which  have  certain  properties. 
Thermodynamics  is  a  method  of  reasoning  which  relates  the  events 
in  any  particular  set  of  circumstances,  such  as  those  associated  with  a 
chemical  reaction,  to  generalisations  about  the  observed  behaviour  of 
heat,  i.e.  the  laws  of  thermodynamics.  Phenomena  are  described 
in  terms  of  a  few  variables,  a  number  of  consequences  being  deduced 


from  simple  postulates  based  on  experimental  observations.  Many 
of  the  variables  are  concepts  which  are  also  in  common  use,  e.g. 
pressure,  volume,  temperature,  heat  and  mass.  Consequently  thermo¬ 
dynamics  offers  a  simple  and  direct  method  of  describing  chemical  and 
physical  phenomena  independently  of  any  hypothesis  about  events  at 
a  molecular  level.  This  independence,  although  it  results  in  methods  of 
wide  generality,  means  that  thermodynamics  cannot  contribute  directly 
to  molecular  theory.  Nevertheless,  the  values  of  thermodynamic 
constants  can  often  be  interpreted  at  a  molecular  level  and  in  favourable 
cases  may  be  calculated  from  molecular  theory.  The  behaviour  of 
individual  particles  or  of  small  numbers  of  particles  can  be  described 
only  in  terms  of  probabilities.  In  this  field  thermodynamics  is  inadequate 
and  cannot  account  for  such  phenomena  as  the  Brownian  movement 
or  the  clicks  of  a  Geiger  counter.  It  is  also  unable  to  provide  a  complete 
description  of  chemical  change,  being  able  to  define  the  direction, 
but  not  the  rate,  of  change  and  can  treat  quantitatively  only  systems  at 
equilibrium. 

Since  the  discipline  of  thermodynamics  is  closely  akin  to  common 
sense,  it  is  important  to  note  the  exact  meaning  of  terms  which  are 
also  in  popular  use.  As  is  customary  in  physical  sciences,  some  region 
is  selected  for  special  attention.  This  region  is  called  a  system.  The 
partition  which  divides  it  from  its  environment  may  be  purely  con¬ 
ceptual,  or  may  be  an  actual  physical  barrier  restricting  the  exchange  of 
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matter  or  energy.  The  system  may  be  of  variable  volume,  or,  in  other 
words,  may  permit  the  passage  of  units  of  volume.  Anything  may 
be  chosen  as  a  thermodynamical  system,  e.g.  a  beaker  of  chemical 
reactants,  a  homogeneous  mass  of  gas  in  a  rigid,  heatproof  vessel  or 
a  living  organism. 

A  system  is  described  in  terms  ot  various  characteristics.  It  might, 
for  instance,  be  defined  as  having  a  certain  pressure,  volume,  tempera¬ 
ture,  mass,  chemical  composition,  viscosity,  refractive  index,  latitude, 
longitude  or  altitude.  All  systems  which  can  be  defined  in  similar 
terms  are  said  to  be  in  the  same  state.  For  practical  purposes  the 
description  of  a  system  must  be  limited  in  some  way,  for  the  list  of  its 
properties  is  indefinitely  long.  This  problem  is  solved  by  fixing  enough 
parameters  to  enable  systems  which  are  sufficiently  alike  to  be  con¬ 
sidered,  for  practical  purposes,  as  in  the  same  state.  For  instance,  if 
the  mechanics  of  a  body  are  being  studied,  its  geographical  position 
is  important  only  because  it  affects  the  force  of  gravity,  while  if  its 
chemistry  is  under  investigation,  its  position  in  a  gravitational  field 
may  be  omitted  from  the  description  of  its  state.  For  most  purposes  of 
biochemical  thermodynamics,  magnetic  and  radiational  fields  may  also 
be  neglected.  Of  the  other  variables  mentioned  above,  it  is  found 
in  practice  that  they  are  not  all  independent,  but  that  when  some  are 
specified  others  are  invariable.  Thus  for  the  gaseous  system  referred 
to  above  the  chemical  composition,  temperature  and  pressure  auto¬ 
matically  determine  the  volume,  viscosity  and  refractive  index.  The 
parameters  chosen  to  describe  the  state  of  a  system  are  restricted 
to  those  in  a  ‘short  list’,  selected  to  make  possible  simple  mathematical 
and  experimental  treatment.  Those  which  may  be  determined  directly 
are  temperature,  pressure,  volume,  mass  and  chemical  composition. 
These  parameters  fall  into  two  groups,  namely  those  which  are  pro¬ 
portional  to  the  quantity  of  the  system  (e.g.  mass,  volume)  and  those 
which  are  independent  of  the  quantity  (e.g.  temperature,  pressure). 
The  examples  quoted  are  easily  measured,  but  there  are  others  for 
which  there  is  no  direct  instrumental  measurement,  in  particular 
entropy  and  chemical  potential.  Finally,  a  state  may  be  characterised 
by  its  energy  content,  a  mode  of  description  of  great  importance  in 

chemistry. 

THE  CONCEPT  OF  ENERGY 

Energy  may  be  regarded  as  the  capacity  for  doing  work.  It  may  be 
defined  in  terms  of  the  three  fundamental  dimensions,  mass  (M), 
length  (L)  and  time  (T)  and  is  a  dimensionally  complex  quantity  not 
intuitively  appreciated  as  are,  for  instance,  volume  (L3)  and  velocity 
(Lj-i),  Work  is  done  when  an  object  on  which  a  force  acts  moves 
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through  space,  the  force  being  defined  as  that  which  can  cause  a  change 
inrougn  spa  ,  dimensions  of  work  are  ml  i  . 

The  work  done  at  constant  pressure  is  the  product  o  h^ 
tD\  and  the  change  in  volume  (F),  i.e.  ML  T  L 
This  is  the  form  in  which  mechanical  work  is  usually  considered  m 
chemical  thermodynamics,  for,  while  translatory  motion,  velocity  and 
acceleration  of  macroscopic  objects  are  of  little  concern  to  chemis ; 
the  existence  of  an  atmosphere  exerting  a  pressure  implies  the  pe 
formance  of  work  whenever  a  system  expands  and,  conversely,  th 
performance  of  work  by  the  atmosphere  when  the  system  contracts. 
For  this  reason  a  work  term  (pV)  frequently  appears  in  equations 


which  apply  to  systems  of  variable  volume. 

There  is  no  special  term  for  energy  which  is  not  manifest  as  work . 
it  may  exist  in  various  interconvertible  forms,  e.g.  electrical  or  chernica 
energy,  and  may  be  measured  by  conversion  into  work  or  into  heat 
energy' which  can  be  measured  calorimetrically.  In  a  less  strict  sense 
it  is  sometimes  said  that  work  is  done  when  a  chemical  process  takes 

place  with  the  consumption  of  energy. 

It  has  been  stated  that  mechanical  work  may  be  regarded  as  a 
product  of  two  factors  which,  for  the  purpose  of  chemistry,  are  volume 
and  pressure.  Other  forms  of  energy  may  be  factorised  in  a  similar 
way,  e.g.  electrical  energy  into  electric  charge  and  electrical  potential, 
heat  energy  into  temperature  and  entropy  and  chemical  energy  into 
quantity  of  substance  (mass)  and  chemical  potential.  These  factors 
may  be  classified  into  two  groups,  termed  capacity  factors  and  poten¬ 
tials  as  shown  in  Table  5.  The  values  of  capacity  factors  in  a  system 


TABLE  5. 


Pairs  of  energy  factors 


TYPE  OF  ENERGY  POTENTIAL  FACTOR 


CAPACITY  FACTOR 


Mechanical  ( p  V) 
Thermal  ( TS ) 
Chemical  (jinf) 
Electrical  ( Ez ) 


Pressure  ( p ) 
Temperature  ( T ) 
Chemical  potential  (ju ) 
Electrical  potential  ( E ) 


Volume  ( V) 

Entropy  (S) 

Mass  (nt-  or  M) 
Electrical  charge  (z) 


depend  on  its  size  so  that  they  are  sometimes  called  extensive  factors. 
The  values  of  potentials,  which  have  been  termed  also  intensive  factors, 
are  independent  of  the  size  of  the  system.  As  one  factor  of  energy  is 
always  a  capacity  factor,  energy  itself  is  a  function  of  the  size  of  a 
system.  When  two  systems  equal  in  all  respects  are  combined  without 
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the  performance  of  work  to  form  a  single  system,  the  values  of  the 
capacity  factors  are  doubled,  while  those  of  the  potentials  remain 
unchanged.  We  may  write  formally 


(p  X  V)  +  (p  X  V)  =p  X  2V 


where  p  represents  the  value  of  a  potential  and  V  of  a  capacity  factor, 
here  symbolised  as  pressure  and  volume,  respectively.  It  is  a  well-known 
fact  that  two  equal  volumes  of  a  gas  at  the  same  pressure  can  be 
combined  to  give  a  doubled  volume,  still  at  the  same  pressure. 

Pressure  and  volume  are  concepts  familiar  in  common  experience. 
Pressure  is  a  potential,  expressed  as  force  per  unit  area:  two  systems 
in  contact  will  tend  to  change  their  volume  until  they  attain  the  same 
pressure.  They  are  then  in  equilibrium  with  respect  to  pressure. 
Equilibrium  is  a  time-invariant  state  characterised  by  no  tendency  to 
change.  Systems  are  in  complete  equilibrium  when  no  differences  in 
any  potentials  exist.  Pressure  is  a  negative  potential,  since  units  of 
volume,  the  corresponding  capacity  factor,  tend  to  be  transferred 
from  low  to  high  pressure,  i.e.  a  system  at  a  pressure  higher  than  that 


of  the  atmosphere  tends  to  expand. 

The  factors  of  electrical  energy  are  also  familiar.  A  movement  of 
charge  takes  place  from  high  to  low  potential,  producing  an  electric 
current.  Whereas  in  physics  it  is  often  convenient  to  consider  electrical 
charges,  potentials  and  currents  as  entities  separate  from  matter,  in 
chemistry  they  must  be  considered  as  properties  of  matter,  and  electrical 
charge  and  potential  are  subdivisions  of  quantity  of  chemical  substance 

and  chemical  potential,  respectively. 

Chemical  energy  consists  of  the  capacity  factor,  mass,  and  the 
potential  factor,  chemical  potential.  A  convenient  unit  is  the  gram- 
molecule,  or  mole,  which  varies  with  the  chemical  species.  The  use 
of  the  term  mass  is  permissible  if  this  varying  unit  is  understood. 
Chemical  potential  determines  the  direction  of  chemical  change, 
chemical  reactions  tending  to  continue  until  a  minimal  chemica 
potential  is  attained.  Chemical  potential  is  involved  also  in  physical 
processes  such  as  diffusion,  the  direction  of  change  being  such  that 
chemical  potential  tends  to  become  uniform  throughout  the  system. 
In  both  types  of  process  units  of  quantity  are  transferred  spontaneously 
from  high  to  low  chemical  potential,  two  systems  being  in  equi  1  nu 
when  their  chemical  potentials  are  the  same  There  is  no  simple 

instrumental  measurement  of  chemical  potential. 

The  potential  factor  of  thermal  energy  is  temperature.  When  two 
to™  KpLd  ™  contact.  W  «»».  front 
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thermometry,  in  terms  of  ‘hotness’  and  ‘coldness’,  which  are  physio¬ 
logical  sensations.  Temperature  is  the  function  of  the  state  of  a  body 
or  system  determining  the  direction  of  ‘heat’  flow,  which  is  defined  as 
taking  place  from  a  high  temperature  to  a  low.  Temperature  may  be 
measured  quantitatively  on  any  arbitrary  scale,  but  one  particular 
scale  has  simple  properties.  This  is  the  absolute  scale  on  which  all 
temperatures  are  positive.  The  definition  of  absolute  temperature 
arises  from  thermodynamic  arguments,  but  the  better-known  scale 
arising  from  use  of  the  ideal  gas  thermometer  is  found  to  be  identical 
with  the  absolute  scale.  An  ideal  gas  obeys  the  equation  of  state 
pV  =  RT,  where  T  is  a  temperature  on  a  scale  the  zero  of  which 
coincides  with  -273T6°C.  At  this  temperature  an  ideal  gas,  by 
extrapolation  of  its  behaviour  at  higher  temperatures,  would  occupy 
zero  volume.  Entropy,  the  capacity  factor  of  thermal  energy,  is  trans¬ 
ferred  spontaneously  from  high  to  low  thermal  potentials.  Entropy 
has  many  of  the  same  characteristics  as  the  ‘heat’  of  common  speech. 
A  large  system  at  low  temperature  may  have  more  thermal  energy 
than  a  small  system  at  a  high  temperature  because  it  may  have  more 
entropy. 


THE  LAWS  OF  THERMODYNAMICS 


In  the  kinetic  theory  of  gases  all  energy  is  regarded  as  mechanical, 
for  collisions  are  assumed  to  be  perfectly  elastic  and  friction  non¬ 
existent.  It  is  remarkable  that  this  idealised  mechanics  can  be  used  as 
a  basis  for  the  kinetic  theory  of  real  gases.  In  the  realm  of  thermody¬ 
namics  the  phenomenon  of  heat  makes  its  appearance.  In  the  early 
days  of  calorimetry  heat  was  regarded  as  a  fluid  (‘caloric’).  This 
concept  leads  to  difficulties,  as,  for  instance,  when  real  mechanical 
systems  are  studied  it  is  found  that  mechanical  energy  is  not  con¬ 
served,  but  disappears  through  the  operation  of  friction,  while  heat 

appears.  From  such  observations  came  the  concept  of  heat  as  a  form 
of  energy. 

With  this  extended  concept  ot  energy  it  is  natural  to  enquire  whether 
there  is  a  corresponding  extension  of  the  law  of  conservation  of  energy. 
Joule  found  that  there  was  indeed  a  quantitative  relation  between 
mechanical  energy  lost  (work  done)  and  heat  developed,  and  was 
able  to  show  that  the  relation  is  a  general  one,  including  electrical  as 

well  as  mechanical  energy.  It  is,  however,  permissible  to  write  the 
equation 

heat  produced  =  work  done 


only  under  special  conditions.  In  general  it  does  not  hold  since  the 
system  in  question  changes  its  state  during  the  process  being  studied 
The  equ, valence  of  work  and  heat  fails  by  an  amount  of  eTefgy  whfch 
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may  be  expressed  as  A E,  so  that  if  the  work  done  by  the  system  is  vv 
and  the  heat  absorbed  q,  then 


q  —  vv  —  A  E 


(10) 


The  conservation  law  can  be  held  to  be  valid  only  if  the  missing 
energy  is  supposed  to  have  remained  in  the  system,  having  been  used 
to  change  the  state  of  the  system.  It  is  found  that  this  is  in  fact  correct, 
the  same  quantity  of  energy  being  absorbed  during  any  transition 
between  two  particular  states,  whatever  the  absorption  of  heat  or  the 
performance  of  work.  A E  is  called  the  change  in  internal  energy  and 
may  be  evaluated  by  measuring  q  and  vv  in  equation  (10). 

The  absolute  value  of  the  internal  energy  of  a  system  is  indeter¬ 
minate,  since  only  changes  in  energy  are  measured.  Physical  significance 
can  be  attached  only  to  equations  containing  energy  changes,  though 
an  arbitrary  zero  may,  by  convention,  be  accorded  to  some  selected 
state  so  that  one  may  speak  simply  of  the  internal  energy,  E. 

In  general,  when  a  system  undergoes  chemical  or  physical  changes, 
none  of  the  three  terms  in  equation  (10)  will  be  equal  to  zero,  but 
special  cases  may  arise  when  one  of  them  has  this  value,  (i)  When 
A E  =  0,  the  energy  of  the  system  is  unchanged,  work  done  being 
equal  to  heat  absorbed.  This  can  apply  when  the  system  has  passed 
through  a  cycle  of  events  leaving  it  in  its  original  state,  (ii)  Chemical 
processes  usually  perform  little  or  no  mechanical  work,  so  that  the 
change  in  internal  energy  is  equal  to  the  heat  absorbed  and  vv  —  0. 
This  condition  holds  for  reactions  which  occur  at  constant  volume 
and  is  approximately  valid  for  reactions  in  solution,  (in)  The  condition 
a  —  o  applies  to  systems  which  are  thermally  insulated,  i.e.  so-called 
adiabatic  systems,  (iv)  When  both  the  heat  absorbed  and  the  work 
done  are  equal  to  zero,  the  value  of  must  obviously  also  be  zero 
This  condition  applies  to  adiabatic  reactions  earned  out  at  constant 

V°While  ,  and  ,v  vary  with  the  particular  path  followed  by  a  system 
in  changing  from  one  state  to  another,  the  quantity  (vv  q),  i.e.  , 

does  not-  The  internal  energy  of  a  system  is  thus 

and  not  of  the  history  of  a  system  and  is  determined  by  the  values 

fhe  narameters  (e  g  l  T)  which  define  the  state  of  the  system. 

rCTr! law  of  thermodynamics’  is  the  generalised  law  of  the 

exists  for  any  system  a  quantity,  the  internal  energy,  wmc 

°fThatThe  firVttw  to 

made  ushig  the At  “enklict  calorimeter.  This  is  a  device  by  means 


INTERNAL  ENERGY 


63 


of  which  an  energy  ‘balance  sheet’  can  be  drawn  up  for  a  metabolising 
organism.  It  may  be  used  for  determining  the  energy  requirements  ot 
an  individual  and  at  the  same  time  verifies  the  law  of  conservation 
of  energy.  The  apparatus  consists  of  a  metal  chamber  the  size  of  a 
small  room  in  which  the  subject  can  work  or  sleep,  the  chamber  is 
kept  at  constant  temperature,  radiation  losses  being  eliminated  by  an 
outer  wall  automatically  maintained  at  the  same  temperature  as  the 
wall  of  the  chamber  itself.  The  heat  generated  by  the  subject  is  carried 
away  by  water  circulating  through  the  chamber  in  a  system  of  pipes. 
The  heat  produced  can  be  calculated  from  the  increase  in  temperature 
of  the  water  and  the  rate  of  flow.  Physical  and  chemical  changes  such 
as  the  evaporation  of  water  and  the  production  of  carbon  dioxide  and 
water  during  metabolism,  may  be  followed  by  chemical  analysis  of 
the  air  in  the  chamber  and  of  the  excreta.  This  type  of  calorimetry  has 
been  developed  to  a  high  degree  of  efficiency  and  it  seems  certain  that 
organisms  are  subject  to  the  first  law  of  thermodynamics  within  very 
small  limits  of  error. 

Internal  energy  should  not  be  thought  of  as  any  particular  kind  of 
energy,  for  it  may  be  derived  from  mechanical  work  performed  on 
the  system  or  from  heat  absorbed  and  may  be  released,  if  the  change 
in  state  is  reversed,  as  a  different  form  of  energy,  depending  on  the 
circumstances.  For  instance,  a  system  may  lose  energy  by  radiation 
or  by  the  generation  of  electrical  energy.  The  various  forms  of  energy 
are  all  interconvertible  and  in  consequence  internal  energy  may  be 
derived  from,  or  may  give  rise  to,  any  of  these  forms.  As  with  other 
thermodynamic  functions,  the  value  of  internal  energy  may  be  inter¬ 
preted  at  the  molecular  level.  For  instance,  in  the  solid  state  particles 
are  held  together  relatively  rigidly,  their  motion  being  confined  to 
vibration.  When  a  solid  is  melted  the  heat  supplied  gives  the  particles 
sufficient  kinetic  energy  to  overcome  the  constraining  forces,  so  that 
the  internal  energy  of  the  liquid  is  greater  than  that  of  the  solid.  The 
fusion  process  therefore  involves  the  absorption  of  heat  energy  with  a 
consequent  increase  in  internal  energy.  Another  example  is  the  trans- 

ormation  of  the  chemical  energy  of  ATP  (adenosine  triphosphate) 
which  is  in  some  way  transferred  to  the  protein  molecules  of  muscle 

res,  ea  mg  to  a  change  in  configuration  shown  on  a  macroscopic 
scale  as  contraction,  involving  mechanical  energy. 

The  energetic  changes  taking  place  in  a  system  can  be  accounted  for 
in  erms  of  the  concept  of  energy  consisting  of  capacity  factors  at  a 
cer  am  potential.  Consider  a  simple  system  which  is  completely  isolated 

frames"0  Un'tS  °'  '“T’  energy  or  volume  can  be  transferred  to  or 

m  its  environment.  It  may  possess  thermal,  mechanical  or  elec- 

ncal  energy,  but  as  long  as  each  of  the  potentials  has  a  uniform  value 
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throughout  the  system  there  will  be  no  tendency  to  change  and  no 
manifestation  of  energy  will  occur.  The  system  may  then  be  said  to 
contain  equipotential  energy  which  will  be  revealed  only  when  it  is 
brought  into  contact  with  another  system  with  a  set  of  different 
potentials.  If,  however,  potential  differences  exist  between  different 
points  in  the  system,  energy  transfer  tends  to  occur,  e.g.  temperature 
differences  tend  to  diminish,  electrical  potential  differences  may 
cause  electrical  currents,  pressure  tends  to  become  uniform.  When 
such  differences  in  potential  exist,  the  system  is  said  to  contain 
potential  energy.  The  energy  changes  which  take  place  consist  of 
the  transfer  of  the  appropriate  capacity  factors  from  high  to  low 
potentials.  This  transfer  obviously  causes  a  loss  of  the  corresponding 
form  of  energy.  When  a  capacity  factor  of  value  V  falls  from  a 
potential  px  to  a  potential  p2,  the  loss  of  energy  is  Vipi—p-i). 

In  the  light  of  the  conservation  law  it  is  obvious  that  some  other 
form  of  energy  must  increase.  Provided  that  some  mechanism  exists 
for  the  transformation,  the  fall  in  potential  of  one  kind  of  capacity 
factor  leads  to  a  corresponding  increase  in  another.  This  type  of 
mechanism  exists  in  many  devices  familiar  in  daily  life.  A  fall  in 
potential  of  electric  charge,  i.e.  a  current,  may  do  mechanical  work, 
as  in  an  electrical  motor,  or  may  create  thermal  potential  energy,  as 
in  an  electric  furnace  or  cause  chemical  change,  as  in  the  electrolysis 
of  a  stable  compound  such  as  water.  When  such  mechanisms  work 
with  complete  efficiency,  as  happens  only  in  theory,  the  system  is  said 
to  be  perfectly  reversible.  This  is  an  extension  of  the  situation  envisaged 
in  simple  dynamics,  where  collisions  are  assumed  to  be  perfectly  elastic. 

In  a  perfectly  reversible  process  where  the  decrease  in  one  form  of 
energy  is  coupled  to  a  mechanism  for  performing  mechanical  work 
the  amount  ot  work  performed  will  be  maximal,  and  only  equipo¬ 
tential  energy  will  remain  in  the  system.  In  practice,  maximum  work 
is  not  possible,  since  various  effects  such  as  friction,  turbulence  in 
liquids,  resistance  in  electrical  conductors,  render  the  transformation 
inefficient.  Practical  operations  therefore  have  efficiencies  between 
those  of  the  perfectly  reversible  transformations  and  those  which 
involve  the  spontaneous  disappearance  of  potential  differences  in  the 

absence  of  transforming  devices.  . 

The  question  now  arises  as  to  what  happens  when  no  mechanism 
is  provided  for  coupling  the  fall  in  potential  of  one  kind  of  capacity 
factor  to  the  rise  in  potential  of  another,  the  system  changing  spon¬ 
taneously  until  only  equipotential  energy  remains.  It  is  possible  to 
deal  with  the  essentials  of  the  problem  by  consideration  of  a  smip  e 
system  commonly  encountered  in  the  chemical  laboratory.  Suppose 
S  Tn  exothermic  chemical  reaction  is  taking  place  m  an  aqueous 
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solution  which  is  maintained  at  freezing  point  by  the  presence  of  ice. 
As  the  reaction  proceeds  to  completion,  chemical  energy  is  converted 
into  thermal  energy:  in  the  presence  of  ice  the  temperature,  i.e.  therma 
potential,  remains  constant  and  some  of  the  ice  melts.  The  work  done 
upon  the  atmosphere  may  be  considered  negligible.  The  increase  in 
thermal  energy  must  therefore  be  due  to  an  increase  in  the  capacity 
factor,  i.e.  entropy.  This  is  found  to  be  an  invariable  consequence  of 
spontaneous  processes,  and,  since  no  perfectly  reversible  change  can 
ever  be  accomplished  in  practice,  all  changes  in  closed  systems  result 
in  the  creation  of  entropy.  This  is  the  essence  of  the  second  law  of 
thermodynamics  and  is  a  factor  of  the  greatest  significance  in  that  it 
makes  possible  the  formal  relation  to  a  single  function  of  all  the 
multifarious  spontaneous  processes  which  can  occur.  The  reader 
is  reminded  of  the  relation  between  entropy  and  the  ‘probability’  of  a 
system,  referred  to  in  the  previous  chapter  (p.  53).  Spontaneous 
processes  represent  the  change  from  less  to  more  probable  states  with 
the  consequent  increase  in  entropy. 

Several  widely-popularised  statements  have  been  made  involving 
this  concept  of  entropy.  For  example,  Clausius,  in  the  nineteenth 
century,  regarded  the  universe  as  a  closed  system  and  concluded  that 
its  entropy  must  be  increasing  and  consequently  that  it  is  ‘running 
down.’  In  recent  times  this  idea  has  come  under  fire  from  both  philo¬ 
sophers  and  astronomers.  Eddington  noted  that  entropy  always 
increased  with  time  and  suggested  that  it  could  serve  as  the  basis  of  a 
time  scale  which  might  even  be  the  fundamental  biological  time  scale. 
The  antithesis  between  entropy  changes  in  natural  (spontaneous)  and 
‘unnatural’  processes  has  been  extended  to  apply  to  the  degradative 
and  synthetic  reactions  which  occur  in  living  organisms.  These 
constitute  systems  in  which  the  net  rate  of  entropy  increase  is  much 
smaller  than  in  the  environment.  This  state  of  affairs  is  achieved  by  the 
ingestion  of  materials  of  low  entropy,  usually  complex  compounds 
such  as  proteins  and  carbohydrates,  and  the  excretion  of  materials 
of  high  entropy,  usually  simple  compounds  such  as  water,  carbon 
dioxide  and  urea.  Schrodinger  (1951)  has  pointed  out  that  an  organism 
may  be  said  to  feed  on  ‘negative  entropy’. 

Values  for  the  entropy  of  various  compounds  are  given  in  Table  6. 
It  will  be  noted  that  carbon  dioxide  and  water  have  more  entropy 
than  an  equivalent  amount  of  glucose  and  oxygen  (68  units  compared 
with  57):  this  illustrates  Schrodinger’s  idea.  It  can  also  be  seen  that  a 
simple  chain  of  eight  carbon  atoms  has  more  entropy  than  a  branched 
chain  in  which  greater  restrictions  are  placed  on  the  movement  of 

atoms.  The  entropies  of  closely  related  compounds,  e.g.  cis  and  trans 
isomers,  are  very  similar. 
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TABLE  6. 


Entropy  of  certain  compounds 


COMPOUND 

a-D-Glucose  (solid) 
a-D-Glucose  (solid)  (1/6  mole) 
Oxygen  (gas) 

Water  (liquid) 

Carbon  dioxide  (gas) 

A?-Octanet 

2 :2-Dimethylhexanet 
2 :2-Dimethyl-3 :3-dimethylbutanet 
Maleic  acid  (m-butene  di-acid) 
Fumaric  acid  (/ra/tv-butene  di-acid) 


entropy  (cal./mole/°C) 

50-7 
8-45 
49  0 
16  75 
511 
86-6 
77-6 
68-6 

38- 1 

39- 7 


t  Calculated  from  formula 

S  =  250  +  7-7  n  -  4-5  r 

where  n  is  the  number  of  carbon  atoms  and  r  the  number  of 
branches.  (Huffman  et  al.  (1931).) 


THERMODYNAMIC  DESCRIPTION  OF  SYSTEMS 

A  definite  number  of  parameters  is  needed  to  determine  the  state  of 
a  system.  The  number  will  vary  according  to  which  aspects  of  the 
description  may  be  ignored,  as,  for  example,  a  gravitational  field  in 
most  chemical  problems.  For  the  purpose  of  chemical  thermodynamics 
the  properties  of  the  system  are  determined  by  the  chemical  content 
and  two  other  variables,  e.g.  temperature  and  pressure. 

It  is  convenient  to  consider  first  a  thermodynamic  system  of  constant 
volume,  thermally  and  materially  insulated,  in  terms  of  the  parameters 
volume,  entropy  and  chemical  composition.  The  other  parameters 
may  all  be  defined  as  functions  of  these  three.  In  particular,  let  us 
consider  the  internal  energy,  E,  which  is  a  function  of  the  state  of  a 
system,  and  hence  of  the  entropy,  S,  the  volume  V  and  the  chemical 
composition,  expressed  as  the  number  of  moles,  nu  of  independently 
variable  chemical  species,  i.e. 

E  =  cf>(S,  V,  nt)  (11) 

For  a  pure  compound  there  is  no  independently  variable  species, 
as  the  composition  is  fixed,  and  equation  (11)  becomes 

E  =  <f>(S,V)  (12) 

Partial  differentiation  of  equation  (12)  gives 


In  a  mixture  of  two  compounds,  the  amount  of  one,  say  may  be 
determined  independently  of  Sand  V,  the  amount  of  the  other  compound 
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being  thereby  fixed,  so  that  for  such  a  mixture  the  variable  n  must 
be  considered  in  the  partial  differentiation  and  an  extended  form  of 
equation  (13)  is  obtained,  viz, 

d£ = (SL„ds + (!fLdK + (SL-d"“ 

When  several  independently  variable  species  are  present,  as  in  a  com¬ 
plex  mixture,  each  species  in  turn  may  be  varied,  the  otheis  being  he 
constant,  to  give  the  equation 


tjr)  d"« 

v  onj  s,r,nbt... 


d  £=(H)  dS  + (|^)  dK+( 

\  dS /  V,na.nb,...  \dV  1  S,na,nb,...  \ ' 

+  (|^)  +  •  •  • 
\OnJ  S,V,na,ne,... 

which  may  be  written  more  concisely  as 


tdE\  (dE\ 

d£=(«)r,„d‘S  + 


1  dv 

r)  V  /  m  . 


y.m. 


d/7,  (14) 


where  ni  represents  any  of  the  species,  and  rij  all  the  species  except  nt. 

Each  potential  of  the  system  may  be  identified  with  the  rate  of 
change  of  energy  with  respect  to  its  appropriate  capacity  factor  and 
is  thus  defined  in  terms  of  one  capacity  factor  and  one  so-called 
‘characteristic  function’  of  energy,  as  follows,  T  denoting  temperature, 
p  pressure  and  the  chemical  potential  of  the  species  I. 


The  definition  of  the  chemical  potential  of  a  species  is  therefore  of  the 
same  form  as  those  of  temperature  and  pressure. 

Substituting  the  more  familiar  potential  symbols  for  the  differ¬ 
entials  in  equation  (14) 

d£  =  T dS  —  p  dV  +  'EjPi  d/7, 

The  central  role  of  internal  energy  for  an  adiabatic  system  at  constant 
volume  can  be  seen  from  the  above  equations.  Under  other  conditions 
it  is  more  convenient  to  define  and  operate  with  new  functions.  For 
a  system  of  varying  volume,  pressure  and  volume  changes  will  account 
for  some  part  of  the  variation  in  internal  energy.  A  function  //,  the 
heat  content  or  enthalpy,  leads  to  simple  equations  under  conditions 
of  constant  pressure,  e.g.  atmospheric  pressure.  Enthalpy  is  defined 
in  terms  of  internal  energy  and  pressure 


H  =  E  +  pV 
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When  the  system  is  not  adiabatic  but  isothermal,  the  internal  energy 
must  be  supplemented  by  terms  expressing  the  absorption  of  heat 
and  the  function  known  as  the  Helmholtz  free  energy,  F,  is  most  useful. 
This  is  defined  by  the  equation 


F  =  E  -  TS 


Finally,  for  systems  at  constant  pressure  and  constant  temperature, 
a  fourth  t unction  is  convenient.  This  is  the  Gibbs  free  energy  or 
thermodynamic  potential,  G,  which  is  related  to  F,  7/  and  E  by  the 
following  equations 


G  =  H  -TS 
—  E  +  PV  —  TS 
=  F  +  pV 


(15) 

(16) 


G  is  the  function  of  most  use  in  chemistry  and  biochemistry,  and  in 
modern  textbooks  is  often  referred  to  simply  as  ‘free  energy’. 

If  equation  (15)  is  rewritten  as  follows 


(17) 


77  =  G  +  TS 


it  is  evident  that  the  total  energy,  FI,  is  expressed  as  the  sum  of  two 
terms,  the  free  energy,  G,  and  a  function  of  the  entropy,  TS,  which 
might  be  called  the  bound,  or  unavailable  energy.  G  is  that  part  of  the 
energy  which  can  be  used  for  the  performance  of  work,  as  is  indicated 
by  the  name  originally  given  to  it,  i.e.  thermodynamic  potential, 
while  TS  is  that  part  of  the  total  energy  which  is  present  by  virtue  of 
the  chaotic  thermal  motion  of  the  atoms  and  molecules. 

The  second  law,  which  states  that  entropy  increases  in  a  closed 
system,  is  an  expression  of  the  universal  tendency  of  energy  to  become 
unavailable.  Equation  (17)  defines  the  function  G  for  an  isothermal 
system  at  constant  pressure,  which  may  gain  or  lose  heat  energy  and 
expand  or  contract.  While  the  second  law  requires  a  net  increase  in 
entropy  for  any  process  occurring  in  such  a  system  together  with  its 
environment,  since  entropy  can  be  transferred  from  the  system  to 
the  environment  it  follows  that  it  is  permissible  for  the  system  alone 
to  undergo  a  decrease  in  entropy.  The  invariable  characteristic  of 
changes  in  an  isothermal  system  at  constant  pressure  is  that  they  are 
accompanied  by  a  decrease  in  free  energy.  In  the  equilibrium  state 
free  energy  has  a  minimum  value. 

^  -  a  1  _ -  iU/N  ctof A  AT  Q 


The  difference  in  free  energy,  AG,  between  the  actual  state  of  a 
system  and  its  equilibrium  state  is  a  measure  of  the  tendency  of  the 
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system  to  change.  The  difference  in  entropy,  AS,  at  a  given  tempera- 
ture,  T,  depends  on  the  values  of  AG  and  A H  and  may  be  either  positive 
or  negative.  For  an  isothermal  process  carried  out  at  constant  pressure 
the  energy  changes  are  given  by  a  modified  version  of  equation  (17) 


AH  =  AG  4-  TAS 


Dividing  throughout  by  T 

AH/T  =  AG/T  +  AS  (18) 

The  second  law  requires  an  overall  production  of  entropy,  i.e. 

AS,  +  AS  >  0  (19) 

where  AS,  and  AS  represent  the  increases  in  entropy  of  the  environ¬ 
ment  and"  the  system,  respectively.  At  constant  temperature  AS,  is 
related  to  the  heat  change  AH  as  follows 

AS,  =  -  A  HIT 

Substituting  in  equation  (19) 

-AH/T+  ASX) 

or,  from  equation  (18), 

AG  <0 


i.e.  the  free  energy  decreases. 

It  is  possible  (cf.  p.  67)  to  define  entropy,  volume  and  chemical 
potential  in  terms  of  G,  T  and  p,  together  with  the  amount  of  the 
chemical  species,  n{.  As  before 


dG  = 


(20) 


The  capacity  factor,  entropy,  may  be  defined  as  the  partial  derivative 
of  the  free  energy  with  respect  to  temperature,  thus 


Similarly  for  volume 


The  chemical  potential  may  be  defined  as 


(22) 
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Substituting  in  equation  (20), 

=  —S  d  T  +  V  d/?  +  d/7,- 

At  constant  temperature  and  pressure 

d G  =  2,-^,-  d/7,- 

For  a  substance  of  constant  composition,  G,  like  other  thermodynamic 
functions,  is  proportional  to  the  amount  of  substance  so  that  at 
constant  temperature  and  pressure 

dG/d/?  =  (x  =  constant 

whence,  on  integration, 

P  =  G/n  (23) 

and  if  n  =  1,  then  //  =  G,  Thus,  under  these  conditions,  chemical 
potential  is  simply  the  thermodynamic  potential  or  free  energy  per 
mole.  Hence  the  term  molar  free  energy,  which  is  used  by  some  authors 
instead  of  chemical  potential  of  a  pure  compound.  Similarly  in  mixtures 
the  chemical  potential  of  one  component  is  termed  the  partial  molar 
free  energy  (cf.  equation  (22)).  We  shall  use  the  term  chemical 
potential,  since  it  stresses  the  kinship  between  this  quantity  and 
other  potential  factors.  Values  of  free  energy  are  recorded  in  Table  8 
(p.  78). 

It  is  a  characteristic  of  forms  of  energy  and  the  capacity  factors  of 
energy  that  the  values  for  parts  of  a  system  can  be  added  together  to 
give  values  for  the  whole  system.  This  applies  also  to  changes  in 
these  quantities  occurring  in  chemical  reactions,  where  the  total 
change  is  equal  to  the  sum  of  the  changes  accompanying  the  partial 
reactions  (cf.  p.  76).  For  example,  heats  of  partial  reactions  can  be 
summed :  this  fact  is  expressed  by  Hess’s  Law. 

An  important  relation,  the  Gibbs-Helmholtz  equation,  may  be 
derived  concerning  the  changes  in  free  and  total  energy  which  occur 
in  a  system  during  a  reaction.  From  equation  (17) 

G  +  TS  =  H 

by  substitution  for  S  from  equation  (21) 


If  this  equation  is  applied  to  the  initial  and  final  states  of  a  system 
which  undergoes  an  isothermal  process  at  constant  pressure,  the 
difference  between  the  equations  obtained  is 
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which  may  also  be  written  as 

(d(A G/T)\  _  _  Atf  (25) 

\  W  )v,n<  T 2 

Equations  (24)  and  (25)  are  forms  of  the  Gibbs-Helmholtz  equation 
and  are  important  in  the  consideration  of  chemical  equilibria. 


Heterogeneous  Systems 

Discussion  of  changes  in  heterogeneous  systems  involves  the  use 
of  the  concept  of  phase.  Heterogeneous  systems  may  usually  be  con¬ 
sidered  as  comprising  a  finite  number  of  homogeneous  regions  called 
phases,  e.g.  solid,  liquid  or  gaseous  phases.  The  boundaries  of  the 
phases  must  be  heterogeneous,  but  for  all  practical  purposes,  except 
in  the  study  of  surfaces  and  interfaces,  the  heterogeneity  may  be 
neglected,  i.e.  the  boundaries  are  assumed  to  be  infinitely  thin.  Each 
phase  consists  of  a  definite  number  of  chemical  species  which  may  be 
called  constituents:  of  these  only  a  certain  number  will  be  indepen¬ 
dently  variable  and  are  called  components. 

The  phase  rule  is  concerned  with  the  relation  between  the  number  of 
phases  (P)  and  the  number  of  components  (C)  in  a  system  at  equi¬ 
librium.  When  the  number  of  phases  and  components  is  prescribed, 
a  certain  minimum  number  of  parameters  (F),  termed  the  degrees  of 
freedom,  are  necessary  to  describe  the  state  of  the  system.  The  phase 
rule  is  usually  written 

F  =  C  —  P  +  2 

This  equation  may  be  deduced  simply  from  a  consideration  of  chemical 
potential.  This  is  defined  by  the  composition  of  the  phase  and  by 
temperature  and  pressure.  If  there  are  C  components  in  P  phases, 
in  order  to  fix  the  composition  of  unit  mass  of  each  phase  it  is  necessary 
to  know  the  concentration  of  C  — 1  components  in  each  phase,  the 
concentration  of  the  remaining  component  being  automatically 
determined.  Each  of  the  P  phases  thus  possesses  C— 1  variables, 
so  that  the  whole  system  has  P  (C-l)  concentration  variables:  when 
temperature  and  pressure  are  included  the  total  number  of  variables 
becomes  P  (C— 1)  +  2.  The  system  is  defined  by  the  relation  between 
the  chemical  potential  of  a  component  and  the  three  variables, 
composition,  temperature  and  pressure.  The  condition  for  equilibrium 
is  that  the  chemical  potentials  in  each  phase  are  the  same  as  those  of 
the  corresponding  components  in  a  selected  phase.  For  each  of  the 
phases  in  equilibrium  with  this  selected  phase  there  will  be  an  equation 
of  state  relating  the  potential  and  the  composition,  temperature  and 
pressure,  giving  (P—1)  equations  for  each  component  and  C(P— 1) 
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equations  for  the  system.  But  we  have  seen  that  there  are  P(C— 1)  +  2 
variables,  so  that  the  number  of  variables  which  can  be  fixed  arbi¬ 
trarily,  i.e.  the  number  of  degrees  of  freedom,  is  the  difference  between 
P(C— 1)  +  2  and  C(P— 1),  so  that 

F  =  C  —  P  +  2 

In  order  to  see  how  thermodynamic  considerations  may  be  applied, 
let  us  consider  the  simplest  system,  i.e.  a  pure  substance.  A  one- 
component  system  in  one  phase,  by  the  phase  rule,  has  only  two  degrees 
of  freedom,  its  state  being  fixed  by  two  parameters,  i.e.  by  temperature 
and  pressure.  The  relation  between  the  two  may  be  expressed  by  an 
equation  of  state.  For  a  perfect  gas  this  is  pV  =  RT,  while  for  a  real 
gas  it  is  necessary  to  use  a  more  complex  expression  (cf.  p.  47). 
Liquids  and  solids  are  not  susceptible  of  such  simple  formulation. 
No  general  theoretical  equation  of  state  appears  to  be  possible,  although 
empirical  equations  have  been  suggested.  The  form  of  such  expressions 
is  no  concern  of  thermodynamics,  although  it  may  be  a  source  of 
confusion,  for  they  are  sometimes  introduced  into  thermodynamic 
equations. 

If  the  component  forms  two  phases,  there  will  be  only  one  degree 
of  freedom.  An  example  is  provided  by  the  well-known  fact  that  the 
vapour  pressure  of  a  liquid  is  constant  at  constant  temperature. 

For  three  phases  in  equilibrium  there  are  no  degrees  of  freedom  and 
the  state  is  stable  at  only  certain  values  of  the  state  parameters.  The 
system  is  said  to  be  at  its  ‘triple  point'  and  composition  alone  is  a 
sufficient  description  without  reference  to  other  parameters.  The 
triple  point,  ice-water-water  vapour,  has  been  proposed  as  a  standard 
for  thermometry,  the  values  of  temperature  and  pressure  at  this  point 
being  0-008°C  and  4-6  mm.  mercury,  respectively. 

Most  of  the  systems  of  interest  in  biochemistry  are  dilute  aqueous 
solutions  or  surfaces  in  contact  with  such  solutions.  The  properties 
of  some  systems  of  this  type  are  considered  in  detail  in  Chapter  4 
(p.  80),  but  it  is  convenient  to  give  here  a  preliminary  treatment  of 

heterogeneous  and  homogeneous  equilibria. 

Heterogeneous  equilibria  are  of  particular  interest  in  connection 
with  diffusion  and  osmotic  pressure  at  membrane  surfaces.  Consider 
a  system  of  more  than  one  phase  in  equilibrium  at  a  given  temperatuie, 
e  g  the  two  phases  liquid  (a)  and  vapour  (/?).  Suppose  that  a  sma 
quantity,  n„  of  a  species  I  passes  from  the  liquid  to  the  vapour  phase, 
the  temperature  and  pressure  being  kept  constant.  The  condition  or 
the  maintenance  of  equilibrium  is  then  that  the  total  change  in  free 

energy  is  zero,  i.e. 

<5Ga+  dGp  =  0 


equilibria 

where  d G’  and  < 5Gf  are  the  resulting  small  changes  in  the  free  energies 
of  the  phases  a  and  /?,  respectively.  Substituting  from  equation  (23) 

— H*  bn  i  +  Bpbni  =  0 

°r’  rf  =  A  <26) 

where  $  and  d  are  the  chemical  potentials  of  the  species  I  in  phases 

a  and  fi,  respectively.  . 

The  condition  for  equilibrium  requires  that  the  species  shall  have 

the  same  chemical  potential  in  each  phase.  If  two  phases,  which  may 
be  both  liquid,  are  separated  by  a  membrane  permeable  to  constituent 
I,  but  not  to  constituent  K,  the  condition  for  equilibrium  is  still  as 
expressed  in  equation  (26).  In  this  case,  in  general,  the  pressures  and 
chemical  potentials  of  the  component  K  will  not  be  equal,  i.e. 

/4  7*  d 
p a 

This  is  an  instance  of  partial,  or  membrane,  equilibrium  (see  also 
p.  93). 


Homogeneous  Systems 

Reactions  in  homogeneous  solution  may  be  treated  by  thermo¬ 
dynamic  methods  as  long  as  attention  is  restricted  to  energy  changes  and 
equilibria.  Suppose  that  in  a  system  of  one  phase  it  is  possible  for 
some  of  the  species  to  react  chemically,  e.g. 

+  v2M2  +  v4M4  (27) 


where  M7,  M2,  M3  and  are  the  reacting  species  and  vh  v2,  v3  and  v4 
the  appropriate  coefficients.  This  equation  may  be  written  more 
concisely 

=  0  (28) 

where  i  represents  the  variable  subscript  in  equation  (27).  The  condition 
for  equilibrium  is  that  the  free  energy  change,  i.e.  the  difference  between 
the  sum  of  the  chemical  potentials  of  the  initial  reactants  and  the  sum 
of  the  chemical  potentials  of  the  products,  is  zero,  thus 


WPi  =  0 


The  equilibrium  composition  of  a  system  is  a  function  of  various 
parameters,  e  g.  temperature,  pressure.  If  one  of  these  parameters 
changes  m  value,  the  equilibrium  composition  changes:  the  direction 
of  change  is  the  subject  of  the  principle  of  mobile  equilibrium,  first 
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enunciated  by  le  Chatelier.  It  may  be  stated  as  follows: — If  a  change 
occurs  in  the  value  of  a  parameter  determining  the  equilibrium 
position  of  a  system,  the  system  will  tend  to  adjust  itself  in  such  a  way 
as  to  annul  the  effect  of  the  change.  For  instance,  if  a  reaction  mixture 
is  in  equilibrium  at  a  certain  temperature,  an  increase  in  temperature 
will  cause  that  reaction  to  occur  which  involves  an  absorption  of  heat: 
a  fall  in  temperature  will  be  followed  by  an  exothermic  reaction. 
Similar  considerations  apply  to  pressure  changes,  the  volume  changes 
which  accompany  the  possible  reactions  determining  which  will  in 
fact  occur. 

This  principle  is  in  general  applicable  to  all  systems  in  equilibrium, 
whether  they  are  physical  or  chemical  systems,  and  it  can  be  derived 
from  the  second  law  of  thermodynamics.  Its  significance  may  be  better 
appreciated  by  considering  a  system  which  is  not  in  equilibrium, 
such  as  an  inflammable  compound  in  the  presence  of  oxygen.  A 
slight  variation  in  the  value  of  one  of  the  operative  parameters,  e.g. 
a  rise  in  temperature,  may  start  an  exothermic  chemical  reaction 
which  tends  to  raise  the  temperature  still  further,  i.e.  away  from  the 
starting  conditions. 

It  has  been  proposed  by  Prigogine  (1947)  that  the  principle  of  mobile 
equilibrium  applies  not  only  to  chemical  systems  in  equilibrium, 
but  also  to  the  steady  state.  This  state  is  removed  from  equilibrium, 
initial  reactants  being  introduced  and  reaction  products  removed  at 
rates  just  sufficient  to  maintain  the  composition  of  the  system  constant 
(for  a  fuller  discussion  see  p.  171).  In  order  to  maintain  such  a  state 
work  must  be  performed  at  a  given  rate.  Prigogine  deduced  that, 
whereas  equilibrium  is  characterised  by  maximum  entropy,  the  steady 
state  is  characterised  by  a  minimum  rate  of  entropy  production.  It 
is  obvious  that  equilibrium  is  a  limiting  case  of  the  steady  state  in 
which  the  rate  of  entropy  production  is  zero. 

Le  Chatelier’s  principle  is  of  considerable  importance  in  biochemistry, 
for  it  is  a  characteristic  of  organisms  that  they  maintain  a  constant 
composition,  not  by  attaining  equilibrium,  but  by  consuming  sub¬ 
stances  of  low  entropy  and  excreting  others  of  high  entropy  (p.  65). 
The  ‘milieu  interne’  of  Claude  Bernard’s  famous  dictum  is  a  steady 
state.  The  reaction  of  the  organism  to  stimuli  which  tend  to  change 
the  composition  of  the  internal  environment  (homeostasis)  is  in  accord 
with  le  Chatelier’s  principle.  For  instance,  the  degree  of  acidity  of  the 
blood  in  mammals  is  so  efficiently  stabilised  by  various  mecha™™ 
that  the  introduction  of  acid  or  alkali  in  amounts  wh.ch  are  not  fatal 
does  not  alter  it  appreciably  for  more  than  a  very  short  time,  ine 
application  of  the  principle  in  biology  has  been  considered  by  Prigogine 
and  Wiame  (1946)  and  by  Spanner  (1953). 
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Energy  Changes 

The  free  energy  change  which  occurs  when  initial  reactants  are 
transformed  into  products  at  constant  temperature  and  pressure  is 
called  the  ‘free  energy  of  reaction’.  Reactions  which  are  accompanied 
by  a  decrease  in  free  energy,  i.e.  the  free  energy  of  reaction  is  negative, 
are  termed  exergonic  reactions:  reactions  which  result  in  an  increase 
in  free  energy  are  endergonic  reactions.  Only  exergonic  reactions  can 
in  fact  occur,  but  endergonic  reactions  may  be  considered  in  the 
theoretical  treatment  of  reaction  systems.  It  may  be  noted  that  in 
biochemistry  the  free  energy  of  hydrolysis  is  often  referred  to  as 
‘bond  energy'  (p.  17).  A  quite  different  quantity,  also  called  bond 
energy,  is  derived  from  a  consideration  of  heats  of  reaction. 

The  heat  of  reaction  (L)  is  the  amount  of  heat  evolved  or  absorbed 
per  mole  for  a  complete  isothermal  reaction.  Its  value  depends  on  the 
amount  of  work  done,  two  quantities  being  recognised,  namely  the 
heat  of  reaction  at  constant  pressure  ( Lp )  and  that  at  constant  volume 
( L (:).  The  heat  of  reaction  at  constant  volume  is  equal  to  the  change 
in  internal  energy,  since  no  work  is  done  in  expansion,  i.e. 

Lv  =  AE 


The  heat  of  reaction  at  constant  pressure  is  related  to  A H,  i.e. 

Lv  =  A//  =  AE  +  pAV 

The  values  of  Lp  and  Lv  for  reactions  in  solid  and  liquid  phases  are 
almost  identical,  since  the  volume  change  is  very  small.  In  the  absence 
of  free  energy  data,  heats  of  reaction  may  be  taken  as  being  approxi¬ 
mately  the  same  as  free  energies  of  reaction,  unless  there  is  reason 
to  believe  that  an  unusually  large  change  in  entropy  is  involved. 

From  values  of  heats  of  reaction,  considered  together  with  mole¬ 
cular  formulae,  bond  energies  may  be  derived.  It  is  found  that  the 
values  of  heats  of  combustion,  and  hence  of  the  heats  of  formation, 
are  practically  the  same  for  isomeric  organic  compounds  and  that 
the  values  of  the  heats  of  combustion  of  adjacent  members  of  a  homo¬ 
logous  series  differ  by  the  same  amount.  It  appears  to  be  possible  to 
regard  the  energy  as  localised  in  valence  bonds,  each  type  of  bond 
having  a  characteristic  energy.  This  is  known  as  mean  bond  energy 
(see  p.  17  for  discussion  of  this  term)  and  is  the  mean  energy  required 
to  dissociate  bonds  of  the  same  type  in  one  mole  of  a  compound 
For  instance,  the  mean  bond  energy  of  the  C-H  link  is  one-quarter 
of  the  energy  required  to  dissociate  one  molecule  of  methane  into  its 

ofnthe  fnnt  h  H  3t0mS:  U  iS  ?°l  ,he  ener^  re<luired  ‘o  dissociate  one 
of  the  four  hydrogen  atoms,  leaving  a  methyl  radical. 
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The  calculation  of  mean  bond  energies  is  based  on  a  knowledge 
of  heats  of  combustion,  together  with  the  heats  of  dissociation  into 
atoms  of  the  common  elements,  e.g.  carbon,  hydrogen,  oxygen, 
nitrogen.  The  latter  can  be  determined  for  hydrogen,  oxygen  and 
nitrogen  from  spectroscopic  data,  but  for  carbon  it  is  less  certain, 
the  value  frequently  used  being  that  for  the  reaction  C80lid 
^vapour?  estimated  as  125  kcal./mole.  The  calculation  of  mean  bond 
energies  involves  algebraic  manipulation  of  various  chemical  equations 
and  is  best  illustrated  by  an  actual  example. 

The  heats  of  dissociation  of  hydrogen  and  oxygen,  together  with 
the  heat  of  combustion  of  hydrogen,  give  the  following  equations 

(i)  H2  +  i02  ->  H20  +  57-8  kcal. 

(ii)  H2  2H  —  103-4  kcal. 

(iii)  |02->0  -591  kcal. 

(i) — (ii) — (iii)  2H  +  O  ->  HaO  +  220-3  kcal. 

The  mean  bond  energy  of  the  H-O  link  is  therefore  220-3/2,  i.e.  110 
kcal./mole.  Other  values  are  recorded  in  Table  7. 


TABLE  7. 

Mean  bond  energies  (Pauling,  1945) 


BOND 

MEAN  BOND  ENERGY 
(kcal./mole) 

C—C 

58-6 

N— N 

20-0 

0—0 

34-9 

p— p 

18  9 

s— s 

63  8 

C— H 

87-3 

N— H 

83-7 

O— H 

110-2 

S— H 

[87-5 

C— N 

148-6 

c— o 

700 

c— s 

54-5 

c=c 

100 

c=c 

123 

0=0 

142-152 

Hydrogen  bridge 

4-8 

It  is  found  that,  for  the  additive  relationship  to  be  maintained, 
certain  structural  constants  must  be  introduced.  For  instance  the 
mean  bond  energies  for  benzene,  calculated  from  the  Kekule  structure, 
give  a  total  which  is  40  kcal./mole  greater  than  the  expected  value. 
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This  is  a  consequence  of  resonance  (p.  1 1)  and  supports  the  concept 
that”  resonance^  confers  added  stability.  In  practice  the  resonance 
energy  calculated  by  difference  in  this  way  is  liable  to  be  inaccurate 

and  other  methods  are  preferred. 

Another  interesting  deduction  from  mean  bond  energy  data  h 
been  made.  For  purely  covalent  bonds  the  energy  of  a  bond  between 
two  atoms,  say  A— B,  should  be  the  geometric  mean  of  the  values  tor 
the  bonds  in  A-A  and  B-B.  This  is  found  not  to  be  so  in  practice: 
the  deviation  is  interpreted  as  a  measure  of  the  extent  to  which  one 
atom  attracts  the  bonding  electrons  more  than  the  other  does.  A 
scale  of  ‘electronegativity’  for  atoms  has  been  drawn  up,  using  the 
square  root  of  the  deviation  as  the  function  concerned,  e.g. 


H 

2-1 


C 

2-5 


N 

3-0 


O 

3-5 


F 

40 


Cl 

3-0 


Br 

2-8 


I 

2-5 


The  difference  between  the  electronegativities  of  two  atoms  deter¬ 
mines  the  degree  of  ionic  character  a  bond  between  them  possesses. 
Differences  in  electron-attracting  power  of  atoms  are  often  used  in 
modern  theories  of  organic  reactions. 

Regularities  in  the  entropy  and  free  energy  of  formation  of  com¬ 
pounds  can  be  correlated  with  constitutional  changes.  Although  the 
heats  of  formation  of  many  compounds  are  known,  entropy  and  free 
energy  values  have  been  calculated  for  relatively  few.  From  the  data 
available,  however,  it  is  apparent  that  entropy  and  free  energy  of 
formation  are  more  dependent  on  molecular  structure  than  is  the 
heat  of  formation.  In  general,  therefore,  entropies  and  free  energies 
of  formation  of  compounds  cannot  be  expressed  as  the  sums  of  quanti¬ 
ties  characteristic  of  individual  bonds.  Mean  values  of  free  energy 
changes  associated  with  various  structural  modifications  have  been 
calculated  for  organic  compounds,  the  hydrocarbon  chain  being  re¬ 
garded  as  the  ‘parent’  structure  (Table  8).  The  values  for  particular 
compounds  vary  from  the  mean  to  an  extent  which  varies  with  the 
nature  of  the  structural  change.  For  instance,  the  change  in  free  energy 
on  desaturation  to  give  an  ethylenic  double  bond  varies  considerably 
more  than  that  associated  with  the  insertion  of  a  methyl  group.  The 
mean  values  shown  in  Table  8,  however,  indicate  the  order  of  magni¬ 
tude  of  the  free  energy  changes  associated  with  various  structural 
modifications.  These  values  are  of  interest  in  connection  with  the 

relation  between  free  energy  changes  and  metabolic  reactions  (Chapter 
8,  p.  254).  r 

The  foregoing  account  has  dealt  with  the  principles  of  ‘classical’ 
thermodynamics  which  is  concerned  with  the  equilibrium  state,  but 
not  with  the  rate  at  which  a  system  approaches  equilibrium.  Many 
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TABLE  8. 

Free  enerSy  changes  associated  with  structural  modifications  of  a  hydrocarbon 

( Parks  and  Huffman ,  1 932) 


Group 


Group 


Group 


Structural  change 

A C°89  (kcal./mole) 

substituted  for  H : 

-ch3 

2 

CoH5 

3 

— OH  (primary  alcohol) 

-34 

(secondary  alcohol) 

-37 

(tertiary  alcohol) 

-41 

— COOH 

-83 

-NH, 

6 

—I 

10 

substituted  for  2H : 

— O —  (aldehyde) 

-23 

(ketone) 

-30 

ethylenic  double  bond 

20 

inserted  between  two  carbon  atoms: 

— CH,— 

1 

— O 

-20 

—COO— 

-70 

attempts  have  been  made  to  interpret  the  kinetics  of  processes  in 
purely  thermodynamic  terms  and  none  has  been  successful.  At  the 
present  time  there  are  two  main  types  of  theoretical  treatment  of  the 
relation  between  thermodynamics  and  kinetics.  In  the  first,  the  theory  of 
absolute  reaction  rates,  which  is  a  development  of  the  kinetic  theory, 
classical  thermodynamics  and  statistical  mechanics  are  applied  to 
hypothetical  transition  states.  The  second,  the  thermodynamics  of 
irreversible  processes,  is  an  attempt  to  apply  the  methods  of  thermo¬ 
dynamics  to  non-equilibrium  states,  avoiding,  in  the  spirit  of  classical 
thermodynamics,  the  introduction  of  unobservable  entities  or  parti¬ 
cular  reaction  mechanisms.  Since  the  overall  rates  of  reversible 
chemical  reactions  are  linearly  related  to  concentration  differences  and 
not  to  differences  in  chemical  potential,  the  thermodynamics  of  irrever¬ 
sible  processes  can  be  applied  only  to  reaction  systems  very  close  to 
equilibrium  and  is  not  of  general  interest. 
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CHAPTER  4 


EQUILIBRIA  IN  AQUEOUS  SOLUTION 


The  state  of  equilibrium  is  of  fundamental  importance  in  biochemistry. 
Equilibrium  states  which  occur  in  the  organism  may  be  described 
quantitatively  in  terms  of  thermodynamic  parameters :  even  in  systems 
not  at  equilibrium  the  direction  of  a  reaction  is  determined  by  thermo¬ 
dynamic  parameters  for  equilibrium,  although  these  cannot  provide 
a  complete  description.  These  parameters  also  give  a  measure  of  the 
work-capacity  of  a  reaction  system,  though  not  of  the  rate  of  working. 

There  are  two  main  divisions  of  the  subject  matter  of  this  chapter, 
namely  equilibria  at  membranes  and  equilibria  in  homogeneous  solution. 

The  equilibrium  state  is  characterised  by  maximum  stability:  any 
change  which  occurs  in  a  system  is  always  towards  equilibrium.  The 
concept  of  equilibrium  is  closely  bound  up  with  that  of  reversibility, 
a  term  which  is  used  in  several  senses  in  various  branches  of  chemistry, 
the  implication  of  the  word  in  any  instance  being  conditioned  by  its 
context.  For  this  reason  an  account  of  various  usages  of  the  term 
may  be  helpful. 

Chemical  reactions  in  practice:  The  term  ‘reversible’  may  be  applied 
to  any  reaction  in  which  the  reverse  reaction  is  sufficiently  rapid  to  be 
appreciable.  The  recognition  of  reversible  reactions  in  this  sense 
depends  on  the  experimental  techniques  used  and  the  object  of  the 
investigator.  In  preparative  chemistry  the  term  would  be  reserved  for 
reactions  in  which  the  equilibrium  mixture  contains  initial  reactants  and 
products  in  amounts  which  can  be  isolated.  To  be  useful  in  analytical 
chemistry  a  reaction  must  proceed  far  enough  in  one  direction  to  give 
‘quantitative’  results  within  the  usual  limits  of  analytical  error.  For 
instance,  a  reaction  which  proceeds  to  more  than  99-9%  completion 
would  give  an  accuracy  greater  than  0T%  and  might  reasonably  be 
described  by  an  analyst  as  ‘irreversible’.  Finally,  the  term  ‘reversible 
may  be  applied  to  a  reaction  for  which  the  equilibrium  constant  can 
be  determined  experimentally.  As  experimental  technique  improves, 
so  the  number  of  reactions  in  this  category  will  increase 

Chemical  reactions  in  theory:  In  addition  to  the  above  practical 
criteria  of  reversibility,  theoretical  criteria  may  be  applied.  From  the 
viewpoint  of  reaction  theory  (p.  140)  all  reactions  are  reve  bK 
ThisPis  a  matter  of  principle  and,  although  it  cannot  be  demonstrated 
experimentally  that  all  reactions  take  place  in  both  forward  and  reverse 
directions,  it  fs  much  simpler  for  theoretical  purposes  to  assume  that 
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this  is  due  to  limitations  of  technique  than  to  construct  two  theories,  one 
for  apparently  reversible  and  one  for  apparently  irreversible  reactions. 

Thermodynamics,  on  the  other  hand,  is  not  concerned  with  mole¬ 
cular  theory  and  does  not  need  to  consider  an  observable  chemical 
reaction  as  the  resultant  of  two  processes  occurring  in  opposite 
directions.  In  thermodynamics  a  reaction  starts  from  either  side  , 
proceeds  to  equilibrium  and  stops.  Nevertheless,  for  a  reaction  to  be 
amenable  to  thermodynamic  treatment  it  must  be  assumed  to  result 
in  an  equilibrium  mixture  containing  finite  amounts  of  initial  reactants 
and  products,  for  the  assumption  that  in  a  reaction  which  proceeds 
to  equilibrium  all  the  initial  reactant  is  transformed  to  product  leads 
to  the  conclusion  (from  equation  (36),  p.  85)  that  the  free  energy 
difference  between  initial  reactants  and  products  is  infinite. 

Reversible  processes  in  thermodynamics:  In  the  language  of  thermo¬ 
dynamics  a  reversible  change  is  one  which  takes  place  in  such  a  way 
that  the  system  is  always  at  equilibrium.  Such  reversible  processes  do 
not  actually  occur  in  nature,  but  a  process  may  be  rendered  almost 
reversible,  e.g.  by  minimising  friction  for  solids  or  turbulence  in 
liquids  and  gases,  and  by  avoiding  all  but  very  small  differences  in 
temperature  and  pressure.  According  to  this  concept  a  reversible 
chemical  change  would  occur,  for  instance,  if  the  pressure  on  a  solution 
containing  an  equilibrium  mixture  of  reactants  (the  equilibrium 
composition  depending  on  pressure)  were  very  gradually  increased, 
the  composition  of  the  reaction  mixture  changing  continuously  so  as 
to  remain  at  equilibrium  throughout.  It  can  be  seen  that  this  meaning 
of  the  term  ‘reversible’  is  very  different  from  that  used  in  kinetics. 
An  ordinary  chemical  change  in  which  initial  reactants  change  to 
products  until  the  equilibrium  point  is  reached  is  ‘irreversible’  in  the 
language  of  thermodynamics  (i.e.  there  is  a  decrease  in  free  energy  and 
an  increase  in  entropy)  although  it  may  be  readily  ‘reversible’  according 
to  the  meaning  of  the  term  in  kinetics. 

Metabolic  pathways:  In  the  organism,  a  series  of  reactions  (which  is 
often  called  a  metabolic  pathway)  may  lead  from  one  compound,  A, 
to  another,  B,  and  a  different  series  of  reactions  from  B  to  A.  It  is 
evident  that,  in  one  sense,  the  transformation  of  A  to  B  could  be  said 
to  be  ‘reversible’,  but  the  meaning  of  the  term  is  here  different  from  the 
meanings  considered  in  the  foregoing  paragraphs. 

THE  KINETIC  THEORY  OF  SOLUTIONS 

It  has  been  seen  that  the  kinetic  theory  of  matter  can  be  successfully 
applied  to  gases.  The  properties  of  liquids  can  be  interpreted  qualita- 
ively  m  terms  of  kinetic  theory,  but  no  quantitative  formulation  has 
proved  possible.  While  in  an  ideal  gas  the  mutual  attraction  and 
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repulsion  between  molecules  is  negligible  and  in  a  real  gas  these 
forces  can  be  allowed  for  by  a  small  correction  (as  in  the  van  der  Waal 
equation  (p.  47)),  they  play  a  major  role  in  determining  the  properties 
of  liquids.  An  example  of  this  effect  is  the  much  greater  density  of 
liquids  as  compared  with  gases.  Indeed,  in  some  liquids  it  is  necessary 
to  postulate  the  existence  of  ‘liquid  crystals’  which  are  associations 
of  molecules  of  the  same  type  as  those  found  in  solids  but  having 
much  shorter  duration.  Thus  the  properties  of  the  liquid  state,  especially 
in  a  substance  like  water,  which  has  polar  molecules  capable  of  forming 
hydrogen  bridges,  are  more  difficult  to  account  for  at  a  molecular 
level  than  are  those  of  either  gases  or  solids.  The  kinetic  theory, 
however,  applies  satisfactorily  to  solute  molecules  in  dilute  solution. 
It  is  found  that  the  properties  of  very  dilute  solutions  of  non-electrolytes 
can  be  expressed  by  means  of  equations  formally  identical  with  the  gas 
laws.  In  fact,  for  many  purposes,  the  molecules  of  solute  may  be 
visualised  as  existing  in  the  solvent  in  the  same  way  as  gas  molecules 
exist  in  space.  In  such  solutions  the  forces  between  solute  molecules 
are  negligible,  while  those  between  solute  and  solvent  may  be  considered 
constant.  For  more  concentrated  solutions  the  forces  between  solute 
molecules  must  be  taken  into  account,  as  in  the  case  of  real  gases, 
while  solutions  in  which  the  concentrations  of  solute  and  solvent  are 


comparable  are  not  susceptible  of  simple  treatment  in  terms  of  the 
kinetic  theory.  Similar  considerations  apply  to  solutions  of  electrolytes, 
but  these  comprise  both  negatively  and  positively  charged  particles 
which  tend  to  become  arranged  regularly  even  at  low  concentrations 
so  that  corrections  in  the  form  of  extra  terms  in  the  appropriate 
equations  must  be  applied.  The  deviation  from  the  ideal  of  the  properties 
of  a  solution  of  an  electrolyte  depends  not  only  on  the  concentration 
of  the  solute  but  also  on  the  dielectric  constant  of  the  medium.  A 
solvent  of  high  dielectric  constant  functions  as  an  insulator,  reducing 
the  electrostatic  interaction  between  ions.  Many  solutions  encountered  in 
biochemistry  contain  proteins,  which,  because  of  their  dipole  moments 
make  the  dielectric  constants  of  their  solutions  greater  than  that  ot 
water.  Consequently,  biological  solutions  may  approach  more  nearly  to 
ideal  behaviour  than  do  simple  dilute  aqueous  solutions  (Cohn  1939) 
The  secondary  valence  forces  (e.g.  van  der  Waal  forces)  which  1  *r®  “ 
important  in  the  theory  of  the  liquid  state  also  play  a  significant 
in' biochemical  events.  Examples  are  provided  by  the  combination  of 
nroteins  with  simpler  molecules,  adsorption  at  surfaces  and  the 
orientation  of  molecules  at  interfaces.  In  this  chapter,  where  attention 
is  focussed  on  events  in  dilute  aqueous  solution,  non-ideal  behaviour 
dui  to  forces  between  solute  molecules  is  treated  by  applying  correction 
factors  to  the  equations  for  ideal  solutions. 


THEORY  OF  SOLUTIONS 


83 


THERMODYNAMICS  OF  DILUTE  SOLUTIONS 

The  general  equations  of  thermodynamics,  which  aPP*yf° 
solutions  as  to  all  other  forms  of  matter,  were  considered  the 
previous  chapter.  Each  chemical  species  is  represented  by  its  chemic 
potential, This  is  not  susceptible  of  direct  instrumental  measurement 
but  may  be  calculated  from  other  observations.  In  dilute  solutions  it 
may  be  expressed  in  terms  of  the  concentration  of  the  solute  Non- 
electrolytes  in  the  concentrations  usually  encountered  in  biochemica 
studies  give  rise  to  solutions  which  may  be  considered  ideal  (i.e. 
forces  between  the  solute  molecules  are  weak  enough  to  be  neglected). 
For  dilute  ideal  solutions  the  chemical  potential  may  be  defined  in 
terms  of  concentration  and  a  constant  (//§),  which  is  termed  the 
standard  chemical  potential  and  refers  to  ‘standard  state  concentration, 
which  may  be  taken  as  one  mole  per  litre  (1  M).f  Thus 


Ua  =  [Ag  R  T  In  s 


(30) 


where  /us  denotes  chemical  potential  of  solute  S,  s  the  concentration 
of  S,*  R  the  gas  constant  and  T  the  absolute  temperature.  It  can  be 
seen  that,  since  RTlns  =  0  when  s  =  1,  ^  is  the  chemical  potential 
at  unit  concentration. 

For  ions  the  forces  due  to  interaction  are  significant  even  in  very 
dilute  solutions  and  it  is  convenient  to  account  for  deviations  from 
ideal  behaviour  by  including  a  correction  factor  in  the  above  equation. 
This  factor,  denoted  by  fs,  is  the  ‘activity  coefficient’  of  the  solute  S, 
i.e. 

Vs  =  Vs  +  RT\nfss  (31) 


The  quantity  fss  (=  s')  is  the  apparent  or  effective  concentration  of  S, 
as  judged  by  its  properties  and  is  termed  the  activity  of  S.  The  activity 
coefficient  varies  between  the  limits  0  and  1 :  as  the  dilution  approaches 
infinite  value,  the  solute  molecules  become  more  and  more  widely 
separated,  so  that  their  mutual  forces  become  less  and  less  significant 
and  fs  tends  towards  unity.  The  solution  is  then  ideal:  in  practice  ions 
are  found  to  have  minimal  values  of  /  which  are  of  the  order  of  0-5. 

Fquations  (30)  and  (31)  may  be  further  modified  to  give  forms  which 
are  useful  for  the  treatment  of  phenomena  involving  variations  in 
pressure.  The  constant  may  be  written 


Vs  —  Vs  +  pVm 

indikueUsolutbLm0le  ^  S  ^  m°lal)-  Molarity  and  molality  are  practically  equal 

*  In  this  b°ok  the  following  symbol  conventions  for  concentration  and  activity  are  used 
|eneral  examples  are  considered,  e.g.  substances  A,  B,  S  etc.,  lower  case  letters  are 
ed,  i.e.  o,  b,  s  for  concentrations  and  a',  b',  s'  for  activities.  For  specific  substances  or  ions 
squaied  brackets  denote  concentration  and  brackets  activity,  e.g.  [HC1],  {NaCl} 
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where  Vm  is  the  molar  volume  (i.e.  the  volume  occupied  by  one  mole) 
of  the  solvent  at  pressure  p  and  p's  is  the  chemical  potential  of  S  at 
unit  activity  and  zero  pressure.  Equations  (30)  and  (31)  become 

Vs  =  Vs  +  pVm  +  tn  In  s 

and 

Vs  =  Vs  +  pVm  +  RT In  5' 

The  chemical  potential  of  the  solvent  in  a  dilute  ideal  solution  may  be 
written 

Vo  =  Vo  —  RTVms 

where  s  is  the  concentration  of  the  solute.  For  a  solution  of  more  than 
one  solute 

Vo  =  vl~  RTVmXiSi  (32) 

For  a  dilute  non-ideal  solution  a  correction  factor,  called  the  ‘osmotic 
coefficient’  ( g ),  is  introduced,  i.e. 

Vo  =  Vo  ~  gRTVJliSi 

This  coefficient  is  a  convenient  measure  of  the  deviation  of  the  solvent 
from  ideal  behaviour. 


Homogeneous  Chemical  Equilibria 

Consider  a  reaction  such  as 

2H2  +  02  ->  2H20 

This  may  be  written  as  an  algebraic  equation,  thus 

-2Ha  — O2  +  2H2O=0 

A  generalised  chemical  equation  may  be  written  (cf.  equation  (28), 
p.  73) 

i  “F  J'jMj  + .  0 

or,  more  concisely, 

<  =  0 

where  M;  is  the  chemical  symbol  for  the  species  I  and  v*  the  stoichio¬ 
metric  coefficient  with  appropriate  sign,  as  in  equation  (29).  The 
condition  for  equilibrium  is  zero  chemical  potential  for  the  system 

of  reactants  (p.  73),  i.e. 

^Vi  =  0 

The  chemical  potentials  may  now  be  replaced  according  to  the 
definitions  given  in  equation  (31)  to  give  a  condit.on  for  equilibrium 

in  terms  of  activities 

RT^iVi  In  =  -^iVi 
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The  summation  is  simply  the  sum  of  the  chemical  potentials 

of  reactants  at  unit  activity.  It  may  be  written  in  a  more  familiar  form 

as  follows  , 

-■Ztvj£  =ST\aK’  (33) 


thus  defining  A",  which  is  called  the  thermodynamic  equilibrium 
constant.  The  condition  for  chemical  equilibrium  in  terms  of  A 
becomes 

In  K'  =  —  htVi  In  f{Si 

or,  for  the  reaction 

oc  A  -(-  -f*  .  .  .  //M  -b  3'N  ~b  •  •  • 

K'  =  (34) 

If  the  term  in  equation  (34)  involving  activity  coefficients  is  assumed  to 
have  a  value  of  unity,  the  so-called  ‘classical’  equilibrium  constant  ( K )  is 
defined.  The  resulting  condition  for  equilibrium  is  called  the  ‘law  of  mass 
action’  and  was  enunciated  by  Guldberg  and  Waage  in  1867.  K  is 
constant,  when  concentrations  are  considered,  only  for  ideal  solutions 
and  in  general  varies  with  concentration,  especially  when  the  reactants 
include  ions.  For  this  reason  it  has  been  suggested  that  K  in  its  original 
context  should  be  called  the  concentration  equilibrium  coefficient. 

For  the  purpose  of  comparing  free  energies  of  reaction  it  is  necessary 
to  refer  all  reactants  and  products  to  a  standard  set  of  conditions  called 
their  standard  states.  For  substances  reacting  in  solution  the  standard 
state  is  defined  as  a  molal  solution  (cf.  footnote,  p.  83).  The  symbols 
for  the  functions  of  state  referring  to  the  standard  state  are  written 
with  a  superior  zero.  For  example,  the  free  energy  difference  between 
initial  reactants  and  products  in  their  standard  states  is  denoted  by 
AG°.  The  expression  has  been  defined  above  as  the  sum  of  the 

chemical  potentials  of  reactants  at  unit  activity,  i.e.  in  their  standard 
states,  so  that  (cf.  p.  70) 

=  AG°  (35) 

AG°  is  usually  called  the  standard  free  energy  of  reaction  and  sometimes 
the  ‘affinity’  of  a  reaction  system. 


The  Variation  of  K'  with  Temperature 

From  the  definition  of  K'  (equation  33)  and  equation  (35)  we  mav 
write  J 

AG°  =  — 7?7Tn  K'  (36) 

Inserting  this  value  for  A G°  in  the  Gibbs-Helmholtz  equation  (equation 
(  5),  p.  71),  evaluating  the  differential  and  rearranging  the  terms, 

d  In  K'  A H 

~dT 


RT2 


(37) 
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This  is  a  quantitative  relation,  first  deduced  by  van’t  Hoff,  which 
shows  the  effect  of  variation  in  temperature  upon  equilibrium  and  is 
an  expression  of  the  law  of  mobile  equilibrium  (p.  73):  it  is  sometimes 
called  the  reaction  isochore. 

The  variation  of  R  In  K'  with  respect  to  1/T  gives  the  value  of  A H\ 
this  may  be  deduced  from  equation  (37)  as  follows 

RdlnK'  Rd\nK'  d  T 

d(i it)  ~  dr  '  dfi Tn  (38) 

Substituting  the  value  of  R  d  In  K'/dT  from  equation  (38)  into 
equation  (37)  and  evaluating  dT/dO/T), 

fldln/T  -A  HT2 


A  H 


(39) 


d(l  IT)  T 2 

An  expression  similar  to  equation  (39)  relates  variations  in  the  value 
of  K'  to  variations  in  p,  viz. 

d  XnK'jdp  =  -  A  V/RT  (40) 

Ions  in  Solution 

The  influence  of  the  electric  charge  on  the  behaviour  of  ions  at  once 
complicates  and  simplifies  theoretical  treatment.  The  mutual  influence 
of  ions  is  significant  at  a  very  much  lower  concentration  than  for 
molecules  since  negatively  charged  ions  tend  to  congregate  round 
positive  ions  and  vice  versa.  The  activity  coefficient  therefore  deviates 
from  unity  at  very  low  concentrations,  introducing  a  complication 
which  does  not  arise  with  non-electrolytes.  On  the  other  hand,  the 
properties  of  a  solution  of  ions  can,  for  many  purposes,  be  expressed 
without  reference  to  the  nature  of  the  chemical  species  involved,  i.e. 
in  terms  of  only  concentration  and  charge,  thus  leading  to  a  simple 

chemistry  of  non-specific  properties.  .  .  f 

Most  solid  salts  and  some  metallic  hydroxides  exist  in  the  form  of 
ionic  lattices.  When  such  compounds  are  dissolved  in  water  their  ions 
become  dispersed  throughout  the  solution.  Other  compounds  are 
non-electrolytes  in  the  pure  state,  but  give  rise  to  ions  by  dissociation 
in  solution.  Water  itself  ionises  to  a  slight  extent.  Substances  which 
can  be  considered  as  completely  ionised  in  solution  are  called  strong 
electrolytes  and  those  only  partially  ionised,  weak  electrdytes.  1 
division  is  not  absolute,  one  group  merging  into  the  other*  !t  s’ 
however  convenient  to  make  this  distinction  because  strong  electro- 
Vte  soS  may  be  described  in  terms  of  the  component  .ons 
done  while  weak  electrolytes  are  strongly  dissociated  only  m  very 
dilute  solution,  so  that  high  concentrations  of  their  ions  do  not  arise. 
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The  dielectric  constant  of  the  solvent  determines  whether  or  not  a 
substance  capable  of  ionisation  will  actually  ionise  m  soUino^  Th 
existence  of  free  ions  in  solution  clearly  depends  on  the  dl^lectr 
constant  of  the  solvent,  since  the  work  necessary  to  separate  two 
opposite  charges  varies  inversely  with  the  dielectric  constant  of  the 
medium.  Water  has  a  high  dielectric  constant,  so  that  electrolytes  aie 
relatively  highly  dissociated  in  aqueous  solution.  Protoplasm  has  an 
even  higher  dielectric  constant,  due  to  the  presence  of  polar  molecules 

such  as  proteins,  peptides  and  amino-acids. 

The  mutual  effect  of  ions  in  dilute  solutions  has  been  found  to  be 
proportional  to  the  ‘ionic  strength’:  activity  coefficients  of  ions  are 
the  same  in  solutions  of  the  same  ionic  strength.  The  ionic  strength, 
/,  is  defined  as 

1  =  0  5  2,c,z,2 


where  c,  is  the  concentration  of  the  ion  I  and  z*  its  charge.  For  instance, 
the  ionic  strength  of  decinormal  HC1  is  OT  and  of  blood  0T5.  The 
comparability  of  solutions  of  similar  ionic  strengths  is  valid  up  to 
about  7  =  0-1.  As  biochemical  systems  are  often  very  sensitive  to  the 
presence  of  ions,  the  ionic  strength  is  an  important  variable.  For 
instance,  an  enzyme  studied  in  the  presence  of  buffer  solutions  of 
different  pH  values  should  be  examined  in  solutions  of  constant  ionic 
strength  rather  than  in  solutions  of  constant  molarity.  In  addition, 
ions  may  be  tested  for  specific  effects  by  using  the  principle  of  ionic 
strength:  general  effects  should  be  similar  for  different  ions  at  similar 
ionic  strengths.  It  is  of  interest  that  the  utility  of  the  quantity  ionic 
strength  was  first  appreciated  by  Mellanby  in  1905  in  connection  with 
a  study  of  the  effect  of  salts  on  the  solubility  of  proteins.  It  was  not 
until  1921  that  the  principle  of  ionic  strength  was  invoked  to  account 
for  results  with  inorganic  systems  and  received  a  theoretical  expression. 

The  activity  coefficient  of  ions  may  be  calculated  by  means  of  an 
equation  derived  by  Debye  and  Hiickel  and  based  on  the  electrostatic 
attraction  of  oppositely  charged  ions.  The  mathematical  derivation  is 
complex,  but  the  main  steps  in  the  argument  are  described  here. 

Since  oppositely  charged  ions  are  present  they  tend  not  to  be 
randomly  distributed  in  solution.  The  positively  charged  ions  become 
surrounded  by  negative  ions  and  the  negative  ions  by  positive  ions. 
The  concentration  of  ions  near  a  particular  ion  may  be  calculated  and 
the  charge  density  derived.  This  is  related  to  the  electric  potential, 
which,  multiplied  by  the  ionic  charge,  gives  the  work  required  to  remove 
the  ion  from  its  environment.  Summation  of  the  work  needed  for 
removal  of  all  ions  gives  the  potential  energy  decrease  due  to  the 
interaction  of  electrical  charges.  This  difference  in  potential  energy  is 
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ci  measure  of  the  difference  in  behaviour  between  the  actual  solution 
and  an  ideal  solution  and  from  it  the  activity  coefficient  (/)  can  be 
calculated.  The  equation  obtained  for  a  temperature  of  25°C  is 


log  /  = 


—0-509  z1z2y/I 
1  +  3-3  X  107/y/ 


where  zx  and  z2  are  the  valencies  of  the  ions  and  r  their  average  radius. 
When  7  <0-1,  the  equation  reduces  to 


log/=  -0-5  Zfay/I 

At  high  concentrations  this  equation  fails  to  apply,  since  the  activity 
coefficient  rises  towards  unity  once  more,  due  to  hydration  of  the  ions. 

In  aqueous  solution  ions  are  not  often  free  but  are  hydrated,  e.g. 
H+  exists  as  H30+,  the  hydroxonium  ion.  The  presence  of  ions  breaks 
the  hydrogen  bridges  which  link  the  water  molecules,  in  the  same  way 
as  does  an  increase  in  temperature.  Hydration  is  largely  responsible 
for  the  ease  with  which  ions  form  complexes  with  macromolecules 
such  as  proteins.  The  union  of  a  naked  ion  with  another  molecule 
would  in  general  decrease  the  entropy  of  the  system  and  thus  is  unlikely 
to  occur.  On  union  with  a  protein  molecule,  however,  a  hydrated 
ion  becomes  dehydrated,  thus  increasing  the  number  of  independent 
molecules  and  hence  increasing  entropy.  Associations  of  ions  and 
proteins,  therefore,  are  often  energetically  permissible.  The  sizes  of 
ions  in  aqueous  solution,  as  judged  by  their  rates  of  movement  in  an 
electrical  field  and  by  other  criteria,  are  the  sizes  of  the  hydrated  ions. 


Solubility  of  Salts 

In  a  saturated  solution  in  which  a  solid  electrolyte  is  in  equilibrium 
with  the  dissolved  solute  the  chemical  potential  of  the  dissolved  solute 
is  constant,  since,  by  definition,  the  chemical  potential  of  the  solid  is 
constant.  If  the  solute  is  dissociated  in  solution  its  chemical  potential 
is  equal  to  the  sum  of  the  chemical  potentials  of  the  ions  formed,  i.e. 

Bab  =  Ba+  +  Bb- 

=  ju°A+  +  RT In  {A+}  +  b°b-  +  #rln 

Since  p°A+  and  are  constant  at  a  given  temperature  and  Bab  * 
constant  for  a  saturated  solution, 

In  {A+}  +  In  {B  }  =  constant 

{A+}{B~}  =  constant  =  K's 
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Ka  is  called  the  activity  solubility  product.  The  above  relationship 
is  similar  to  that  suggested  by  Nernst  in  1889  when  the  principle  of  the 
solubility  product  was  first  put  forward:  Nernst  used  concentrations 
where  the  above  expression  has  activities.  As  concentrations  approximate 
to  activities  in  dilute  solutions,  both  the  activity  and  classical  solubility 
products  satisfactorily  express  the  conditions  under  which  a  sparingly 
soluble  electrolyte  will  dissolve  or  be  precipitated.  The  relation  has 
also  been  used  qualitatively  to  account  for  the  ‘common  ion’  effect, 
for  example  the  precipitation  of  sodium  chloride  from  solution  by 
means  of  hydrogen  chloride  or  the  precipitation  of  sodium  salts  of 
fatty  acids  (soaps)  by  saturation  with  solid  sodium  chloride.  In  bio¬ 
chemistry,  the  idea  of  the  solubility  product  is  fundamental  to  Robison’s 
theory  of  calcification.  This  postulates  that  the  deposition  of  calcium 
phosphate  is  controlled,  via  the  solubility  product,  by  mechanisms 
which  increase  the  concentration  of  one  of  the  ions,  particularly 
phosphate,  specifically  at  the  calcification  sites.  This  is  achieved  by 
the  enzymic  hydrolysis  of  organic  phosphate  esters,  the  phosphatase 
involved  being  localised  where  calcification  occurs. 

The  solubility  of  moderately  soluble  salts  is,  in  general,  increased 
by  the  presence  of  another  salt  having  no  common  ion,  the  effect 
increasing  with  the  valency  of  the  ions  added.  This  may  be  due  to 
changes  in  activity,  the  ions  in  solution  attracting  the  ions  present  in 
the  solid.  When  the  salts  have  a  common  ion  this  solubilising  effect  is 
usually  exceeded  by  the  common  ion  effect  referred  to  above  and  the 
net  result  is  a  decrease  in  solubility.  Increases  in  solubility  caused  by 
the  presence  of  other  salts  may  be  due  also  to  the  formation  of  complex 
ions.  In  dilute  solutions  of  electrolytes  with  no  common  ion  there  is 
little  or  no  difference  in  the  ionisation  from  that  which  would  take 
place  in  pure  solutions  of  the  constituents. 


Electrical  Effects 

Instead  of  considering  the  chemical  potential  of  a  salt,  it  is  sometimes 
convenient  to  consider  the  potential  of  a  single  ion.  This  is  determined 
by  the  purely  chemical  potential  common  to  both  ionic  and  uncharged 
species  and  also  by  the  electrical  potential.  Since  it  is  not  possible  to 
distinguish  between  the  effects  due  to  chemical  and  electrical  factors 
by  purely  thermodynamic  methods,  the  thermodynamic  behaviour  of 
ions  may  be  represented  by  replacing  the  chemical  potential,  by  an 
electrochemical  potential,  /»,  which  may  be  regarded  as  the  sum  of  a 
chemical  and  an  electrical  component,  i.e. 

fl  =  H  ipzF  (4^ 

where  z  is  the  valency  of  the  ion  and  F  a  faraday.  The  electrical  potential 
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y  *s  defined  as  being  zero  in  a  homogeneous  electrically  neutral  phase, 
i.e.  when  fi  =  /w.  Further,  the  charge  on  a  phase  has  practically  no 
effect  upon  its  chemical  composition,  for,  on  account  of  the  large  ratio 
of  charge  to  mass  for  an  ion,  an  infinitesimal  amount  of  an  ionic 
species  can  produce  a  large  electrical  charge.  //  can  therefore  be 
regarded  as  independent  ot  the  charge  on  a  phase.  Consequently 
equation  (41)  constitutes  a  general  definition  of  %p. 

Equation  (41)  implies  that  the  movement  of  an  ionic  species  from 
one  phase  to  another  takes  place  in  a  direction  which  will  result  in 
electrochemical  equilibrium  being  established  between  phases.  This 
state  may  therefore  be  characterised  by  concentration  differences  or 
by  differences  in  electrical  potential  or  by  both  (cf.  Gibbs-Donnan 
equilibrium,  p.  97). 


E.M.F.  Cells 


In  general,  the  action  of  a  voltaic  cell  can  be  said  to  consist  of  the 
conversion  of  chemical  energy  into  electrical  energy.  A  reversible 
cell  is  one  in  which  the  electrical  energy-producing  reaction  can  be 
reversed  by  the  passage  of  electricity  through  it  in  the  opposite  direction. 
As  with  other  reactions,  the  conditions  for  thermodynamic  reversibility 
apply  only  when  extremely  small  changes  take  place,  in  this  case  only 
when  extremely  small  currents  pass,  so  that  the  cell  can  be  regarded  as 
being  always  in  equilibrium. 

The  electrical  energy  obtainable  from  voltaic  cells  is  a  measure  of  the 
change  in  free  energy  which  is  involved.  The  work  done  upon  one 
gram-ion  when  it  is  moved  against  the  potential  difference  between  the 
electrodes  is  given  by  zFE ,  where  z  is  the  valency  of  the  ion,  E  the 
e.m.f.  of  the  cell  and  F  a  faraday.  This  is  equal  to  the  free  energy 

change,  i.e. 

- NG=zFE  (42) 

As  we  have  seen  earlier  (p.  70),  the  Gibbs-Helmholtz  equation 
expresses  the  relation  between  the  free  energy  change  and  the  change 
in  the  total  energy  of  a  system,  i.e. 


(43) 


Substituting  from  equation  (43)  into  equation  (42)  and  rearranging 


the  terms 


E  =  -(AH/zF)  +  (TdE/dT) 

Thus  chemical  and  electrical  energies  are  equal  when  TdEjdT=0,  i.e. 
at  absolute  zero  or  when  dE/dT=  0. 
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The  cells  used  in  e.m.f.  measurements  are  composed  of  two  half-cells 
which  may  be  of  various  types,  as  follows 

a)  A  metal  dipping  into  a  solution  containing  its  ions.  Hydrogen 
may  also  be  used  in  electrodes  of  this  type,  the  electrode  being 
platinized. 

b)  A  metal  in  contact  with  one  of  its  insoluble  salts  which  is 
itself  in  contact  with  a  solution  of  a  soluble  salt  containing  the 
same  anion. 


c)  A  stable  (noble)  metal  dipping  into  a  solution  containing 
ions  in  two  valence  states:  in  this  type  of  cell,  oxidation-reduction 
processes  are  involved. 

The  thermodynamic  treatment  of  e.m.f.  does  not  require  any 
consideration  of  chemical  mechanism.  In  a  cell  as  normally  prepared 
a  potential  difference  may  arise  at  various  junctions,  e.g.  between 
wires  and  electrodes,  between  the  solutions,  but  under  suitable 
experimental  conditions  all  may  be  regarded  as  eliminated  except 
those  at  the  junctions  of  the  metals  and  solutions.  Such  potentials 
are  called  electrode  potentials.  It  is  suggested  that  this  potential  is 
related  to  the  rates  of  two  opposing  processes,  namely  the  passage  of 
ions  from  the  electrode  into  solution  and  the  return  of  ions  from 
solution  to  electrode.  An  electrical  ‘double  layer’  may  be  established 
at  the  interface,  since  if  one  process  is  more  rapid  than  the  other, 
free  electrons  and  positive  ions  accumulate.  It  is  the  potential  difference 
across  the  double  layer  which  represents  the  electrode  potential.  This 
opposes  further  solution  of  ions  and  an  equilibrium  is  eventually 
reached  when  the  two  rates  are  balanced.  The  position  of  this  equilibrium 
varies  with  different  systems.  For  example,  zinc  is  always  negatively 
charged,  but  the  charge  on  copper  is  positive. 

The  e.m.f.  of  a  cell  is  the  algebraic  sum  of  the  e.m.f.s  of  the  component 
electrodes.  To  measure  these  it  is  necessary  to  combine  each  in  turn 
with  a  standard  electrode,  usually  a  calomel  electrode,  and  find  the 
e.m.f.  of  the  cell  thus  produced.  Electrode  potentials  cannot  be 
determined  absolutely  and,  in  consequence,  the  potential  of  a  hydrogen 
electrode  at  a  pressure  of  one  atmosphere  of  hydrogen  and  pH  0  is 
taken  as  standard,  being  assumed  to  be  equal  to  zero  at  all  temperatures. 
1  he  calomel  electrode  is,  however,  more  convenient  to  handle  and  is 
widely  used  as  a  subsidiary  standard. 

Metals  can  be  arranged  in  order  of  the  potentials  of  their  half-cells- 
such  a  senes  is  called  an  electrochemical  series.  Expressions  of  the 
e.m.f.s  of  electrodes  and  cells  can  be  derived  using  the  relationship 

=  fa  —  f*i  =  ~RT In  ( a,la2 ) 
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where  and  fx2  are  the  chemical  potentials  and  at  and  a2  the  activities 
ot  the  substances  involved  in  the  half-cells.  Since 

AG  =  —zFE 

E  =  ( RT/zF )  In  {a^a^) 

This  can  be  expressed  as  the  sum  of  the  two  electrode  potentials  each 
of  the  form 

Eo  ±  (RT/zF)  In  at 

where  E0  is  the  standard  electrode  potential’,  i.e.  the  potential  when 
the  relevant  activities  are  unity.  Most  of  the  expressions  for  the  e.m.f.s 
of  various  types  of  cell  are  of  this  form.  For  very  dilute  solutions 
concentrations  may  be  used  instead  of  activities. 

Cells  of  certain  types  may  obviously  form  the  basis  of  a  method  for 
the  determination  of  pH  values,  since  this  is  essentially  the  determination 
of  hydrogen  ion  concentrations,  as  in  the  hydrogen  electrode. 


Oxidation-reduction  Potentials 


Oxidation-reduction  processes  involve  the  movement  of  electrons  and 
hence  may  be  associated  with  electrical  phenomena  similar  to  those 
considered  above.  The  oxidation-reduction  electrode  has  been  referred 
to,  its  e.m.f.  at  constant  pH  being  given  by 


zF 


“ oxidised,  form 
® reduced  form 


(44) 


where  E'0  is  the  e.m.f.  when  aoxidised  form  =  areduced  form.  It  should  be 
noted  that  both  oxidised  and  reduced  forms  appear  in  the  expression. 
For  the  hydrogen  electrode  equation  (44)  becomes 


,  RT , 

E  =  E' - -  In 

0  p 


(H+) 

V(HJ 


The  determination  of  oxidation-reduction  potentials  using  cells 
of  the  above  type,  in  which  a  standard  electrode  is  combined  with  a 
half  cell  consisting  of  a  platinised  electrode  dipping  into  a  solution 
containing  corresponding  oxidised  and  reduced  compounds,  gives  an 
oxidation-reduction  series  comparable  to  the  electrochemical  series. 
Some  values  of  oxidation-reduction  potentials  are  given  in  Table  9. 
From  these  values  it  is  possible  to  decide  which  of  a  pair  of  oxidising 
agents  will  oxidise  the  other.  The  difference  between  the  oxidation- 
reduction  potentials  of  two  systems  is  a  measure  of  the  readiness  with 
which  they  react.  If  a  mechanism  exists  by  means  of  which  tw0  syste™s 
can  react,  the  extent  of  the  reaction  which  occurs  is  measured  by  the 
difference  between  their  oxidation-reduction  potentials. 


OXIDATION-REDUCTION  POTENTIALS 
TABLE  9 


Oxidation-reduction  potentials  and  r  H  values  at  pH  7 


SYSTEM 

Fe3+/Fe2+ 
haem:  Fe3+/Fe2+ 
cytochrome  b :  Fe3+/Fe2+ 
cytochrome  c:  Fe3+/Fe2+ 
cytochrome  a:  Fe3+/Fe2+ 

K 

(volts) 

0-77 
-0-23 
-0  04 

0-26 

0-29 

r'Ha) 

39-6 

6-4 

12-6 

22- 7 

23- 8 

Temperature 

(°C) 

25 

30 

20 

25 

20 

hydrogen  ion  (hydrated)/hydrogen  atom 
hydrogen  peroxide/water 
oxygen/hydrogen  peroxide 

0 

-219 

0-26 

14*0 

590 

221 

25 

25 

25 

co-enzyme  I:  ox/red 
riboflavin:  ox/red 

-0-28 

-018 

4-8 

7-8 

30 

20 

quinone/quinol 
luciferin:  ox/red 
adrenaline:  ox/red 

0-28 

-005 

0-38 

23-3 

12  3 
26-3 

25 

18 

30 

cystine/cysteine 
glutathione:  ox/red 

-014 

004 

9-3 

15  4 

25 

25 

pyruvate/lactate 

fumarate/succinate 

-018 

0 

8-2 

140 

35 

25 

notes: 

(1)  For  treatment  of  r'H  see  page  125. 

(2)  Lack  of  information  about  the  temperature  coefficient  precludes  correction 
to  a  standard  temperature,  but  changes  due  to  temperature  variations  are 
likely  to  be  very  small. 

(3)  Values  are  calculated  from  data  reported  by  Anderson  and  Plaut  (1949). 

^  MEMBRANE  EQUILIBRIA 

When  the  concentration  of  a  solute  varies  throughout  a  solution, 
thermal  agitation  of  the  molecules  tends  to  cause  transport  from  regions 
of  high  concentration  to  regions  of  low  concentration.  The  transfer 
of  substances  in  this  manner  is  termed  thermal  diffusion.  The  adjective 
thermal  differentiates  it  from  similar  processes  which  occur  under 
special  conditions,  for  example  under  the  influence  of  an  electric 
field  as  in  electrolysis.  The  tendency  for  change  to  take  place  until 
uniform  concentration  is  achieved  is  readily  understood  in  terms  of 
kinetic  theory,  for,  given  the  occurrence  of  random  thermal  agitation, 
it  is  evident  that  more  molecules  will  move  out  from  a  region  of  high 
concentration  than  from  one  of  low  concentration.  On  this  view  the 
overall  process  is  the  resultant  of  individual  transport  processes  in 
opposite  directions  and,  as  with  a  reversible  chemical  reaction,  a 
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dynamic  equilibrium  is  reached  when  the  rates  of  the  opposing 
processes  are  equal.  The  rate  of  diffusion  (dn/dt)  has  been  formulated 
as  a  function  of  the  concentration  gradient  in  Fick’s  law,  which  states 
that 


dn/dt  =  DA  dc/dx 


(45) 


where  A  is  the  cross-sectional  area  across  which  diffusion  occurs, 
measured  normally  to  its  direction,  dc/dx  is  the  concentration  gradient 
along  the  direction  (.v)  of  diffusion  and  D  is  the  diffusion  coefficient. 
D  is  defined  by  the  above  expression  as  the  rate  of  diffusion  (mass/unit 
time)  across  unit  area  when  the  concentration  gradient  is  unity.  D  is 
not  a  true  constant,  for  over  a  wide  range  of  concentration  it  varies. 

Diffusion  can  also  be  considered  from  a  thermodynamic  point  of 
view.  Transport  processes  tend  to  occur  until  a  uniform  chemical 
potential  is  reached  and,  since  there  is  a  linear  relationship  between 
the  chemical  potential  of  a  substance  in  dilute  ideal  solution  and  the 
logarithm  of  its  concentration  (p.  83),  thermal  diffusion  will  occur 
from  regions  of  high  to  regions  of  low  concentration.  The  difference 
between  chemical  potentials  in  different  spatial  regions  can  be  regarded 
as  the  ‘driving  force’  of  diffusion.  Hartley  (1931)  has  postulated  a 
linear  relation  between  the  chemical  potential  gradient  and  diffusion 
rate.  This  leads  to  a  modified  form  of  Fick’s  law  which  is  reported  to 
yield  greater  constancy  in  values  of  D.  When  the  solute  under  con¬ 
sideration  is  an  ion,  diffusion  is  also  a  function  of  the  electrical  field 
and  can  be  considered  in  terms  of  the  electrochemical  potential. 


The  occurrence  of  diffusion  is  important  in  biochemical  systems 
since  absorption  and  excretion  of  various  materials  take  place  and 
chemical  reactions  tend  continuously  to  change  the  concentrations  of 
metabolites.  For  this  reason  the  behaviour  of  organisms  is  closely 
linked  with  diffusion  rates.  Indeed  the  upper  limit  to  the  size  of  those 
organisms  which  have  no  circulatory  system  is  fixed  by  two  circum¬ 
stances  connected  with  diffusion.  Thermal  diffusion  in  solution  is 
slow,  so  that  the  distance  from  the  surface  of  such  organisms  to  the 
most  remote  part  of  a  tissue  must  not  be  very  large.  Since  the  volume 
of  an  object  of  constant  shape  increases  with  the  cube  of  the  radius 
or  equivalent  linear  dimension,  while  the  surface  area  increases  wit  i 
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unicellular  organism,  regarded  as  a  sphere  consuming  at  a  constant 
rate  throughout  its  volume  a  substance  present  in  its  environment 
The  mathematics  of  even  such  a  simple  system  is  complex  and  for  the 
detailed  development  the  reader  is  referred  to  the  original  account. 
The  essential  result  can,  however,  be  expressed  graphically,  as  m 
Figure  23.  This  shows  the  variation  in  concentration  of  the  absorbed 


Cell  surface 


Fig.  23  Spatial  variation  in  the  concentration  (5)  of  a  substrate  which  is  consumed 

within  a  cell  at  a  constant  rate  » 

substance  with  the  distance  from  the  centre  of  the  cell.  It  can  be  seen 
that,  even  for  bodies  as  minute  as  cells,  appreciable  differences  in 
concentration  may  be  maintained  by  simultaneous  processes  of  diffusion 
and  chemical  reaction.  It  is  also  evident  that  the  diffusion  rate  through 
the  cell  membrane  plays  a  large  part  in  determining  concentrations 
within  a  ceil. 

In  multicellular  organisms  the  protoplasm  is  divided  into  cells 
by  means  of  membranes  and  is  separated  from  the  environment  by  an 
enveloping  membrane.  The  diffusion  of  substances  through  membranes 
is  therefore  a  process  of  fundamental  biological  importance.  For 
various  reasons  it  is  not  possible  to  compare  the  rates  of  diffusion  of 
different  substances,  or  even  of  a  single  substance,  through  different 
membranes  by  evaluation  of  diffusion  coefficients.  Membranes 
enclosing  protoplasm  (plasma  membranes)  have  complex  structures 
made  up  of  protein  and  lipid  (Parpart  and  Ballentine,  1952)  and  are 
in  no  way  comparable  to  membranes  of  parchment  or  collodion. 
The  thickness  of  plasma  membranes  cannot  be  determined  accurately! 
values  reported  for  that  of  the  erythrocyte  ranging  from  30  to  several 


equilibria  in  aqueous  solution 

hundred  A.  Since  the  information  of  major  interest  is  the  rate  of 
influx  or  efflux  ot  substances  through  the  membranes,  the  unknown 
thickness  (d„v  in  equation  (45)  p.  94)  is  combined  with  the  coefficient 
D,  which  is  of  doubtful  value,  and  a  permeability  coefficient  (P)  is 
defined,  as  follows 


dn/dt  =  AP(c1  —  Co) 


(46) 


where  c1  and  c2  are  the  concentrations  of  the  substance  in  question  on 
either  side  of  the  membrane  and  dn/dt  the  rate  at  which  it  crosses  the 
membrane.  It  will  be  noted  that  the  dimensions  of  D  are  cm.-1  hr.-1 
and  of  P  cmr2  hr.-1.  This  expression  applies  essentially  to  solutes: 
permeability  to  water,  as  a  solvent,  involves  the  consideration  of 
osmosis  (p.  101). 

^  Permeability  coefficients  find  an  application  in  various  fields  of 
study.  The  values  form  a  useful  measure  of  the  ability  of  various 
substances  to  penetrate  a  given  membrane  and  much  work  has  been 
done  on  this  topic  (see  Davson  and  Danielli,  1952).  The  resistance  of 
various  membranes  to  the  diffusion  of  the  same  solute  may  also  be 
compared  quantitatively,  while  absolute  values  of  the  coefficients 
may  be  used  in  conjunction  with  other  data  to  help  visualise  the  course 
of  events  inside  a  metabolising  cell  (cf.  Fig.  23,  p.  95). 

The  diffusion  of  a  solute  through  cell  membranes  depends  on  the 
structure  of  the  membrane,  which  is  complex,  and  at  least  three  factors 
may  be  distinguished.  In  some  instances  the  rate  of  diffusion  is  greater 
for  substances  which  are  soluble  in  lipids  and  other  organic  solvents 
than  for  substances  which  are  insoluble.  This  is  believed  to  be  related 
to  the  fact  that  some  of  the  chief  constituents  of  many  membranes  are 
lipid  in  nature.  It  has  been  suggested  that  lipids  facilitate  diffusion  of 
some  organic  substances  by  acting  as  solvents,  the  passage  of  water 
taking  place  through  ‘pores’  in  the  membranes.  Table  10  shows  the 
permeability  of  the  ‘leaf’  cells  of  Cham  ceratophylla  to  various  substances 
and  the  olive  oil  :  water  partition  coefficients  of  these  substances.  It 
can  be  seen  that  there  is  a  certain  degree  of  correlation  between  the 


two  sets  of  values.  .  ,  .  f 

The  membrane  may  also  act  as  a  ‘molecular  sieve ,  only  the  size  ot 

a  molecule  determining  whether  it  is  diffusible  or  not.  This  appears 
to  be  the  governing  factor  in  diffusion  through  collodion  and  parchment 
membranes,  as  in  dialysis.  A  variation  of  this  effect  is  due  to  the 
resistance  to  the  passage  of  ions  which  may  arise  from  the  presence  of 
charged  groups  at  the  membrane  surface.  For  instance,  Aibacia 
eggs  and  °  Va Ionia  cells  are  readily  permeable  to  neutral  mje* 
but  not  to  ions.  It  is,  however,  difficult  to  distinguish  this i  effect .from 
the  lipid-solubility  effect,  since  ions  in  general  are  insoluble  in  lipids. 
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TABLE  10. 


Permeability  and  olive  oil:  water  partition  coefficients 


PERMEABILITY  PARTITION 

SUBSTANCE  COEFFICIENT  COEFFICIENT 

(x  102) 


SUBSTANCE 


Methanol 

Glycerol  ethyl  ether 
Propylene  glycol 
Glycerol  methyl  ether 
Ethylene  glycol 
Glycerol 
Erythritol 


000074 
0  000046 


0-99 

0077 

0087 

0043 

0043 


0-78 

0-74 

0-57 

0-26 

0  049 

0  007 

0003 


Values  from  Collander  &  Barlund  (1933),  cited  by  Davson  &  Danielli  (1952). 

For  some  substances  special  mechanisms  seem  to  be  involved  which 
cannot  be  explained  in  terms  of  the  above  two  concepts.  For  example, 
urea,  a  small  uncharged  molecule  which  is  virtually  insoluble  in  lipids, 
has  an  anomalously  high  rate  of  diffusion  through  natural  membranes. 


Gibbs-Donnan  Equilibrium 


The  selective  permeability  of  biological  membranes,  together  with  the 
dependence  of  ionic  diffusion  on  electrical  as  well  as  concentration 
gradients,  gives  rise  to  the  Gibbs-Donnan  equilibrium  in  which  an 
ionic  concentration  gradient  exists  at  equilibrium.  This  equilibrium 
arises  when  a  solution  of  a  simple  electrolyte  is  separated  by  a  membrane 
from  a  solution  of  an  electrolyte  which  gives  rise  to  an  ion  to  which  the 
membrane  is  not  permeable.  At  equilibrium  there  is  an  uneven  distri¬ 
bution  of  the  freely-diffusible  ions.  In  a  simple  system  of  this  kind  the 
initial  state  may  be  represented  as 


A:  B 

Na+  i  Na+ 

(g) !  (g) 

CD  j  R- 

(g)  j  (g) 


where  and  c,  are  the  concentrations  of  the  ions  involved,  as  shown, 
R  being  indiffusible.  The  equilibrium  state  is 


A  j  B 

Na-f ;  Na+ 


(G  &)  !  (c.j  -f-  b) 
Cl-  j  Cl-  (b) 
(G  -  b)  |  R- 
i  (G) 
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where  b  is  the  concentration  change  which  occurs.  It  can  be  seen  that 
in  order  to  maintain  the  condition  of  even  approximate  electrical 
neutrality  on  each  side  of  the  membrane  the  concentrations  of  Na+ 
and  Cl-  cannot  be  uniform.  At  equilibrium  the  chemical  potentials 
of  NaCl  on  each  side  of  the  membrane  must  be  equal.  The  chemical 
potential  of  a  solution  of  an  electrolyte  may  be  taken  as  the  sum  of  the 
chemical  potentials  of  the  ions.  Hence  (cf.  equation  (31)  p.  83) 

/4«+  +  RT In  {Na(y  +  ^  +  RT In  (Ciy  = 

A«+  +  RT  In  (Nay  +  A-  +  RT  in  (Ciy 

*-e-  {Na(y{ClU)}  =  {Na(1/j)}{Cl(/?)} 

or,  approximately, 

[Na^Ciy  =  [Na  +  JtCiy 
If  the  concentrations  are  as  shown  in  the  above  scheme, 


or 


{ct  —  b)(C]  —  b)  =  ( Co  +  b)b 


Cj  —  2  bcj  —  bc2 


b/cj ,  i.e.  CjI(c2  +  2 c7),  is  the  fraction  of  the  NaCl  which  has  diffused 
and  can  be  seen  to  decrease  as  the  concentration  of  the  indiffusible  ion 
increases. 

Considering  now  a  single  ionic  species  (Na+  or  Cl-),  equilibrium  is 
attained  when  the  electrochemical  potentials  are  identical  on  both  sides 
of  the  membrane.  Since  there  is  a  concentration  difference  at  equilibrium, 
there  must  also  be  a  difference  in  electrical  potential.  This  is  the 
‘membrane  potential’  and  is  given  by 


A 


V  =  — p  (b'i  —  e\)  — 

Zit 


RT  aj 
In  — g 
cii 


z,F 


where  the  subscript  1  refers  to  a  particular  ion  and  superscripts  a  and  b 
to  the  two  phases.  An  equation  similar  to  this  can  be  derived  for  each 
ion,  giving  a  series  of  equations  for  the  diffusible  ions 


r 


RT  a}  __RT  a} 
ZjF  ci  i  z2t  a2 


This  treatment  is  applicable  only  where  the  pressure  is  the  same  on 
both  sides  of  the  membrane.  In  general  there  are  different  concentrations 
of  indiffusible  ions  on  each  side  of  the  membrane  and  the  soWent  ean 
also  be  transported.  In  such  a  case  membrane  equilibnum  can  be 
established  only  if  there  is  a  difference  in  pressure  between  the  solutions 
separated  by  the  membrane  (see  p.  101). 


GIBBS-DONNAN  EQUILIBRIUM 


A  Gibbs-Donnan  equilibrium  can  easily  be  demonstrated  for  a 
solution  of  a  protein  hydrochloride,  e.g.  that  of  gelatin,  separated  from 
a  solution  of  hydrochloric  acid.  If  both  are  initially  at  the  same  pH, 
excretion  of  hydrogen  ions  occurs  across  the  membrane.  It  has  been 
suggested  that  such  a  mechanism  might  account  for  the  secretion  of  the 
acid  of  gastric  juice,  but  the  steady  production  of  relatively  large 
quantities  of  acid  cannot  be  explained  in  terms  of  thermodynamic 
equilibria.  Indeed,  for  the  secreted  fluid  to  be  in  equilibrium  with 
lymph,  the  concentration  of  chloride  ion  in  lymph  would  have  to  be 
7  x  1 06  m. 

While  protein  is  commonly  cited  as  the  indiffusible  ion  concerned 
in  Gibbs-Donnan  equilibria,  smaller  ions  can  give  rise  to  the  effect, 
for  example  when  they  are  in  some  way  fixed  at  a  cell  surface  or  other 
interface.  For  instance,  muscle  cells  are  impermeable  to  some  organic 
anions.  An  excellent  example  of  impermeability  to  small  ions  is 
provided  by  the  erythrocyte.  This  cell  contains  much  more  protein 
than  does  plasma  and  if  its  membrane  were  permeable  to  all  small 
ions  it  would  increase  in  volume  and  eventually  haemolyse  (cf.  Davson 
and  Danielli,  1952).  It  is,  in  fact,  impermeable  to  sodium  and  potassium 
ions,  but  permeable  to  anions,  so  that  the  Gibbs-Donnan  equilibrium 
established  results  in  osmotic  equilibrium  between  red  cells  and 
plasma.  The  Gibbs-Donnan  equilibrium  does  not  necessarily  occur 
only  when  two  solutions  are  separated  by  an  ‘ideal’  membrane  assumed 
to  have  no  particular  properties  except  strength  and  selective  per¬ 
meability.  Real  membranes  constitute  a  solid  phase  in  contact  with 
two  liquid  phases  and  in  biological  membranes  the  solid  phase  has  a 
complex  constitution  and  a  wide  variety  of  properties.  At  the  surface 
of  most  cells  there  are  fixed  anions  and,  in  consequence,  a  Gibbs- 
Donnan  equilibrium  exists  between  the  surface  phase  and  the  bulk 
phase,  this  leads  to  unequal  distribution  of  ions  between  the  phases. 
One  of  the  results  of  this  is  that  the  cell  surface  is  more  acid  than  the 


environment. 

The  facts  about  ionic  equilibria  across  cell  membranes  are  very 
difficult  to  elucidate  and  a  great  deal  of  work  has  been  necessary  in 
order  to  achieve  the  present,  incomplete,  knowledge.  An  instance  of  a 
complex  biological  system  is  provided  by  a  muscle  cell,  the  membrane 
o  which  is  permeable  to  chloride  ions.  The  extremely  low  concentration 
o  these  ions  in  the  cell  relative  to  that  in  the  environment  is  caused 
by  the  simultaneous  presence  of  organic  anions  which  cannot  diffuse 

f  membrane  is  permeable  also  to  sodium  ions  but  it  is  believed 
at  the  lower  concentration  of  these  in  the  cell  is  maintained  by  an 
active  transport  process  (Steinbach,  1952).  y 

Since  both  complex  equilibria  and  active  transport  mechanisms 
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affect  concentrations,  it  is  clear  that  the  occurrence  of  concentration 
differences  across  membranes  must  be  difficult  to  interpret.  Most  of 
the  progress  now  being  made  depends  on  the  use  of  isotopic  tracers 
in  measuring  diffusion  processes  in  one  direction  across  a  membrane, 
in  addition  to  the  measurement  of  net  transport.  The  elucidation  of 
transport  mechanisms  depends  on  the  measurement  of  relative 
rates  rather  than  the  assessment  of  the  absolute  permeability  of  a 
membrane. 

The  transport  of  a  substance  through  a  membrane  may  be  con¬ 
sidered  in  terms  of  two  components,  the  ‘driving  force’  for  the  process 
and  the  resistance  of  the  membrane.  The  value  of  the  permeability 
constant  as  a  measure  of  the  second  factor  is  restricted  to  those 
instances  to  which  Fick’s  law  applies.  In  the  diffusion  of  ions,  for 
instance,  the  movement  of  the  ion,  even  in  the  absence  of  an  applied 
electric  field,  is  dependent  not  only  on  its  own  concentration  but  also 
on  the  concentrations  of  other  ions.  From  equation  (46)  (p.  96)  it 
can  be  seen  that  this  would  lead  to  variable  values  for  P .  Other  circum¬ 
stances  which  lead  to  variable  values  for  P  for  the  transport  of  solutes 
include  the  combination  of  the  solute  molecule  with  another  diffusing 
molecule,  the  production  or  consumption  of  the  solute  within  or  at 
the  surface  of  the  membrane  and  the  flow  of  solvent  across  the  membrane. 
It  is  useful  therefore  to  define  a  quantity  which  is  directly  related  to 
experimental  findings  and  the  validity  of  which  is  not  dependent  upon 
the  correctness  of  such  assumptions  as  Fick’s  law.  Such  a  quantity 
is  the  ‘flux’  which  is  defined  as  the  amount  of  material  passing  through 
unit  area  of  a  membrane  in  unit  time.  There  are  three  possible  fluxes, 
namely  influx  (M J,  efflux  (M<J  and  net  flux  (AM).  M„,„  and  M„ 
express  the  rates  of  diffusion  in  opposite  directions  and  may  be  measured 
bvisotopically  labelling  the  compound  under  investigation  on  only  one 
^de  of  The membrane  AM  measures  the  net  transfer  of  material  and 
can  be  deduced  either  from  ordinary  chemical  analyses  or  by  labelling 
with  different  isotopes  the  compound  of  which  the  transport  is ^  being 
!  ie7  unde  Tven  conditions  the  flux  value  can  be  regarded  as 

measuring^  a  property  of  the  altatic 

aw 

^“inTMer6  to  otoTn  a  clear  view  of  the  transport  process  it  is 
necessary  to  measure  twc >  of  the Uhree  flux  va  fa  somewhat 

The  treatment  of  solve  for  while  in  a  dilute  solution  each 

con,pl“  “»p  £“155  5  £ «»"  » 


more 


solute  species  may 
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electrochemical  potential,  the  chemical  potential  of  the  solvent  is  a 
function  of  the  potentials  of  the  pure  solvent  and  all  the  solute  species. 


Osmotic  Phenomena 

When  a  dilute  ideal  solution  is  separated  from  a  pure  solvent  by  a 
semipermeable  membrane  (i.e.  permeable  to  solvent  but  not  to  solutes), 
solvent  tends  to  diffuse  into  the  solution.  This  process  is  termed  osmosis. 
That  it  should  occur  is  consistent  with  equation  (32)  (p.  84),  which 
for  a  solution  of  one  solute  is 


and  for  solvent 


Po~~  Po  RTVms 


/*o= 


Equilibrium  is  reached  when  the  chemical  potentials  of  the  solvent  on 
both  sides  of  the  membrane  are  equal.  This  is  not  possible  for  two 
solutions  of  different  strengths  at  constant  temperature  and  pressure, 
but,  since  the  chemical  potential  varies  with  temperature  and  pressure, 
it  is  possible,  by  altering  the  value  of  one  of  these  two  parameters  on 
one  side  of  the  membrane,  to  bring  about  equilibrium  even  though 
a  concentration  difference  exists.  For  instance,  by  increasing  the 
pressure  on  a  solution  the  chemical  potential  of  the  solvent  may  be 
raised  to  that  of  the  pure  solvent.  The  extra  pressure  required  is  called 
the  osmotic  pressure  of  the  solution. 

Equation  (32)  gives  the  variation  of  chemical  potential  with  con¬ 
centration.  For  the  variation  with  pressure,  for  a  solution  of  one 
solute 


Bo  =  Po  +  pVm  -  RTVms 


and  for  a  solvent 

^0=^0+  pVm 

As  water  is  compressible,  Vm  is  a  function  of  pressure,  and  may  be 
written  more  explicitly  J 

vm  =  VJ  (1  —  K p)  (48) 

where  Vm  is  the  molar  volume  at  zero  pressure  and  K  is  proportional 

o  the  coefficient  of  compressibility.  Substitution  from  equation  (48) 
into  equation  (47)  gives  n  v  ' 

Ao  =  K  +pv;„(  1  -  Kp)  -  /?7>K,;(1  _  Kp) 

which  expresses  the  pressure  dependence  of  chemical  potential 
The  relation  between  the  concentration  of  a  solution  and  its  osmotic 
pressure  may  now  be  derived.  Writing  the  equations  for  the  chemical 
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potentials  of  pure  solvent  and  of  the  solvent  in  the  solution  (phases 
a  and  /?,  respectively) 

Bl  =  Bo  +  V'V'S  1  -  Kp*)  -  RTsV’m{\  -  K p*)  (49) 

BPo  =  Bo+PPV;n(  1  ~K pP)  (50) 

where  p a  is  the  pressure  exerted  on  the  solution  and  pp  that  on  the 
solvent.  The  two  phases,  separated  by  a  rigid  semipermeable  membrane, 
will  be  in  equilibrium  with  respect  to  the  solvent  (‘osmotic  equilibrium’) 
when 

Bo  =  Bo  (51) 


Substituting  from  equations  (49)  and  (50)  into  equation  (51)  and 
simplifying 

RTs  =  (p*  -/)( 1  -  K/?a  -  K/)/(l  -  Kp*) 

When p*  and  pp  are  relatively  small  this  equation  reduces  approximately 
to 

RTs  =  p*  —  pp  =  n 

where  n  is  the  osmotic  pressure,  i.e.  the  difference  in  pressure  on  the 
phases  a  and  p  at  osmotic  equilibrium.  For  more  than  one  solute 

n  =RT2isi  (52) 


Equation  (52)  applies  only  to  dilute  ideal  solutions.  For  dilute  non-ideal 
solutions  a  correction  factor,  g  (p.  84),  the  osmotic  coefficient  of  the 
solvent,  is  defined  by  the  equation 

n  =gRTs  (53) 

Equation  (53)  for  an  ideal  solution  may  be  rewritten 

n  vm  =  RT 

where  Vm  is  the  molar  volume  of  the  solute.  It  is  clearly  similar  in  form 
to  the  ideal  gas  equation 

pV  =  RT 

and  the  osmotic  pressure  is  that  pressure  which  the  same  number 
of  particles  would  exert  in  the  gaseous  state,  occupying  volume  Vm. 
This  analogy  should  not  be  pressed  too  far,  for  the  osmotic  pressure 
is  the  pressure  on  the  membrane  only  when  osmotic  equilibrium  is 
achieved  and  is  then  the  excess  hydrostatic  pressure  of  the  solution 
For  a  system  comprising  solvent  separated  from  a  solution  by  a 
semipermeable  membrane,  both  being  at  atmospheric  pressure,  th 
membrane  is  subject  to  only  a  very  small  hydrostaUc  pressure  even 
when  the  osmotic  pressure  of  the  solution  is  high.  Thus  the  osmotic 
pressure  is  aTa.ogoPus  to  the  freezing  point,  being  a  condition  for 
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equilibrium,  just  as  that  temperature  called  the  freezing  point  is  the 
condition  for  the  existence  in  equilibrium  of  solid  and  liquid  together 
and  bears  no  relation  to  the  actual  temperature  of  the  liquid.  It  has 
been  calculated  for  an  idealised  case  that  when  a  semipermeable 
membrane  separates  solvent  from  a  solution,  both  at  atmospheric 
pressure  and  exerting  the  same  hydrostatic  pressure,  the  pressure  on 
the  membrane  due  to  the  bombardment  by  solute  molecules  is  of  the 
order  of 0  001  atmospheres  when  the  osmotic  pressure  is  10  atmospheres 


(Guggenheim,  1933). 

Normally  there  is  not  a  large  difference  in  hydrostatic  pressure 
between  the  two  sides  of  a  natural  membrane  in  vivo,  although  the 
osmotic  pressure  may  be  high,  because  the  system  is  not  in  equilibrium. 
For  example  there  may  be  a  high  osmotic  pressure  due  to  concentration 
differences  between  the  tissues  of  fishes  and  other  aquatic  organisms 
and  their  environment.  These  organisms  maintain  themselves  in  a 
state  of  disequilibrium  by  continuously  forcing  water  against  the 
direction  in  which  it  would  flow  spontaneously.  Perfect  semipermeable 
membranes  do  not  exist  in  nature,  some  passage  of  solutes  always 
occurring,  but  macromolecules  may  be  retained  completely,  as  in 
dialysis.  Similar  processes  take  place  in  vivo,  especially  in  intestinal 
absorption  and  glomerular  filtration,  during  which  water  and  soluble 
materials  are  separated  from  material  of  larger  molecular  or  particle 
size. 


Transport  across  Membranes 

In  organisms  concentration  differences  across  a  membrane  may 
increase,  so  that  osmotic  work  is  performed.  For  instance,  in  the 
formation  of  urine  a  product  is  finally  obtained  in  which  the  concen¬ 
trations  of  some  constituents  are  higher  than  those  in  blood.  The 
secretion  of  urine  involves  the  formation  of  a  2  %  solution  of  urea  from 
one  of  0  03  %  and  the  work  done  is  equal  to  the  difference  in  the 
chemical  potential  of  urea  in  the  two  solutions.  This  is,  from  equation 
(30)  (p.  83),  equal  to  RT  In  2/0-03,  i.e.  2-5  kcal./mole.  Similarly,  when 
the  stomach  secretes  0-14  n-HCI  from  the  blood  where  its  concentration 
is  5  x  10~8  n,  osmotic  work  is  done  to  the  extent  of  /?7Tn  0-14/5  x  10~8 
i.e.  9  kcal./mole  (Hill,  1931). 

Apart  from  its  importance  in  living  organisms,  the  osmotic  effect 
is  of  interest  to  the  biochemist  for  other  reasons.  In  measuring  the 
molecular  weights  of  macromolecules  such  as  proteins,  osmotic 
pressure  has  great  advantages  over  other  colligative  properties.  Not 
only  is  the  pressure  difference  much  more  easily  measured  than  the 
corresponding  minute  depression  in  freezing  point  or  vapour  pressure 
but  the  presence  of  smaller  molecules  whicfeven 
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would  invalidate  the  other  methods,  does  not  interfere  with  osmotic 
measurements  if  a  membrane  impermeable  only  to  macromolecules 
is  used. 

Experiment  has  shown  that  transport  of  solvent  or  solute  across 
biological  membranes  may  be  accomplished  by  means  of  three  pro¬ 
cesses  which  may  be  termed  free  diffusion,  carrier  diffusion  and  active 
transport.  It  is  of  interest  to  examine  kinetic  and  thermodynamic 
aspects  of  these  mechanisms,  especially  in  relation  to  the  equilibrium 
state. 

Free  diffusion  has  already  been  treated  in  some  detail.  Important 
characteristics  of  this  process  are  that  the  species  under  consideration 
diffuses  in  the  free  state  and  that  the  diffusion  occurs  in  the  direction 
of  decreasing  chemical  potential.  The  rate  of  diffusion  is  approxi¬ 
mately  proportional  to  the  concentration  or  potential  difference  and  is 
determined  also  by  the  characteristics  of  the  membrane.  The  rate  may 
be  rapid,  as  for  example  in  the  diffusion  of  water  through  most 
membranes,  or  so  immeasurably  slow  that  the  membrane  may  be 
regarded  as  impermeable,  as  for  example  in  the  diffusion  of  proteins 
in  dialysis.  The  magnitude  of  the  potential  difference  is  determined 
by  three  factors,  the  most  general  of  which  is  the  concentration  of 
the  diffusing  species  (p.  96).  The  second  factor  operates  in  the  diffusion 
of  charged  particles  where  the  electric  field  must  be  taken  into  account 
and  the  electrochemical  potential  considered.  It  may  be  noted  that, 
whereas  under  in  vitro  conditions  an  external  electric  field  may  be 
applied  to  cause  ions  to  move  against  a  concentration  gradient,  in 
organisms  the  electric  field  is  a  result  of  the  nature  of  the  distribution 
of  ions.  A  third  factor  which  may  sometimes  operate  in  the  diffusion  o 
both  charged  and  uncharged  particles  is  the  net  flow  of  solvent  across 
the  membrane.  This  may  be  regarded  as  imposing  a  frictional  force 
on  the  diffusing  solute,  introducing  a  mechanical  component  into ■  th 
chemical  potential.  It  is  found  that  it  is  not  the  absolute  magnitude 
of  the  net  flow  of  solvent  which  is  important  m  this  respect,  but  rath 
the  ratio  influx: efflux.  On  account  of  the  high  rates  of  influx 

efflux  for  water  this  ratio  may  be  near  unity,  even u^Lfe  "net  flux 
For  instance  during  osmotic  water  uptake  by  the  frog  the  net  flu 
is  about  I  V  of  the  influx.  The  effect  is  small  for  small  ions  and  mole¬ 
cules”  even  when  the  water  flow  is  markedly  asymmetrical,  but  is 

imCennthfer  specks 'under  consideration  crosses  the  membrane  in 
combination  wfth  another  substance,  the  P^TLTnd lormmust  be 
diffusion  may  KgaJde°d  as  catalysed  diffusion,  and, 

“"if  catalysed  Eca.  Lotions,  the  process  proceeds  towards 
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equilibrium.  Net  transport  against  the  chemical  potential  gradient 
cannot  occur  by  this  mechanism. 

The  kinetics  of  carrier  diffusion  are  of  a  type  commonly  found  in 
biological  systems.  At  low  solute  concentrations  the  carrier  is  present 
chiefly  in  the  free  state  and  the  amount  of  complex  is  approximately 
proportional  to  the  concentration  of  the  free  solute,  so  that  Fick  s 
law  is  valid  to  a  first  approximation,  as  in  free  diffusion.  When  the 
concentration  on  one  side  of  the  membrane  is  high  and  on  the  other 
low,  net  transport  will  occur  at  a  maximal  and  constant  rate.  For  the 
special  case  in  which  the  equilibration  of  the  complex  with  its  com¬ 
ponents  at  each  interface  is  much  more  rapid  than  the  diffusion  across 
the  membrane  the  foregoing  characteristics  may  be  deduced  from  the 
well-known  Langmuir  isotherm,  as  applied  to  solutions. 

Let  n  be  the  number  of  solute  molecules  striking  unit  area  of  the 
membrane  in  unit  time  and  a  the  constant  fraction  which  combines 
with  the  carrier  molecules  present  at  the  interface.  The  number  of 
carrier-solute  complexes  formed  in  unit  time  is  therefore  a/7.  If  x/m  is 
the  fraction  of  total  carrier  molecules  (m)  at  the  interface  converted 
into  complexes  (x)  at  any  time,  (1  —  x/m)  will  be  free  and  the  rate  of 
complex  formation  will  be  (1  —  x/ra)a/7  per  unit  area  per  unit  time. 
The  rate  of  complex  dissociation  will  be  proportional  to  the  number  of 
complexes  present,  i.e.  vx/m.  At  equilibrium 


so  that 


(1  —  x/m)(x.n  —  vx/m 
x/m  =  cml(v  +  a  n) 


Since  n  is  proportional  to  the  concentration  of  the  free  solute  (y)  and 
a,  v  and  m  are  constants,  we  may  write 


or 


x  =  asmj(v  +  cl's),  where  a'  is  a  constant, 


x  ~  sl(kj  +  k2s),  where  kx  and  k2  are  composite  constants. 

At  low  concentrations  of  solute  the  equation  approximates  to 

x  =  sjkj 

i.e.  the  number  of  carriers  and  the  transport  rate  are  proportional  to 
the  solute  concentration.  At  high  concentrations  of  solute  the  equation 
approximates  to 


x  =  1/k* 

that  is,  the  number  of  complexes  is  constant  and  independent  of  5 

This  argument  is  valid  only  if  the  rate  of  transport  is  slow  compared 
with  the  rate  of  equilibration.  p 

It  may  be  noted  that  when  the  concentrations  of  solute  on  both 
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sides  of  the  membrane  are  so  high  that  practically  all  the  carrier  is 
converted  into  complex,  the  rates  of  influx  and  efflux  will  be  almost 
identical  and,  although  there  may  be  a  large  concentration  difference 
of  solute  across  the  membrane,  almost  no  net  transport  will  occur. 
Since  experiments  with  labelled  species  would  indicate  that  the 
membrane  is  permeable,  it  might  appear  that  equilibrium  had  been 
attained,  in  spite  of  concentration  or  potential  differences.  It  must  be 
remembered,  however,  that  thermodynamics  is  not  concerned  with 
the  rate  at  which  equilibrium  is  attained  and  in  fact  the  mathematical 
treatment  of  such  a  system  indicates  clearly  that  differences  between 
influx  and  efflux  occur  whenever  there  are  concentration  differences 
of  free  solute  across  a  membrane,  although  at  high  concentrations  the 
differences  may  be  slight  and  net  transport  consequently  slow.  An 
example  of  carrier  diffusion  is  provided  by  the  transport  of  glucose 
across  erythrocyte  membranes:  the  kinetics  of  such  processes  will  be 
considered  later  (p.  179). 

When  net  transport  of  a  chemical  species  takes  place  from  a  region 
of  low  to  a  region  of  high  chemical  potential  and  thus  cannot  be 
explained  solely  in  terms  of  free  or  carrier  diffusion,  the  process  is 
termed  active  transport.  It  is  postulated  that  active  transport,  which 
requires  the  performance  of  work,  is  connected  with  exergonic  chemical 
reactions.  Although  the  mechanism  of  active  transport  has  not  been 
definitely  elucidated  for  any  particular  process  (but  see  p.  289  for 
gastric  secretion),  the  nature  of  theoretically  possible  connections 
between  diffusion  and  chemical  reactions  can  be  discussed. 

It  was  seen  earlier  that,  while  the  direction  of  diffusion  of  an 
uncharged  species  is  determined  by  the  gradient  of  chemical  potential 
(i.e.  of  activity  or  concentration),  an  ionic  species  diffuses  m  the 
direction  of  the  electrochemical  potential  gradient.  Since  the  electro¬ 
chemical  potential  is  the  sum  of  a  chemical  and  an  electrical  component, 
it  is  possible  for  an  ion  to  move  against  a  concentration  gradient  or 
against  a  gradient  of  electrical  potential,  providing  that  it  moves  with 
the  resultant  electrochemical  gradient.  The  quest.on  arises  as  to 
whether  a  chemical  reaction  can  be  coupled  to  diffusion  so  as  to 
result  in  transport  against  a  concentration  gradient,  in  a  similar  way 
to  that  in  which  an  electrical  potential  gradient  can  indu^  Uansport 
noainst  a  concentration  gradient.  A  consideration  of  the  nature  o 
rlfff  ion  anci  0f  chemical  reaction  shows  that  such  coupling  IS  n0 

chemical  and  electrical  gradients  bu  a  scalar 

dimensions.  Chemical  reaction,  however,  is  not  a  vectoi 
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quantity,  the  instantaneous  rate  of  reaction  being  dependent  on  the 
absolute  value  of  the  chemical  potential  and  not  on  a  potential  gradient. 
Since  scalar  quantities  cannot  be  coupled  with  vector  quantities,  a 
chemical  reaction  cannot  cause  diffusion  against  a  potential  gradient. 
It  can,  however,  create  a  gradient  in  a  desired  direction,  so  that  diffusion 
can  occur  spontaneously.  For  example,  if  a  substance  is  to  be  trans¬ 
ferred  through  a  membrane  from  a  low  concentration  in  phase  A  to  a 
high  concentration  in  phase  B,  it  can  be  converted  to,  say,  a  phosphate 
derivative  at  the  face  of  the  membrane  in  A  and  hydrolysed  at  face  B. 
The  phosphate  derivative  can  then  diffuse  spontaneously  from  A  to  B 
in  the  direction  of  its  own  chemical  potential  gradient.  Since  both 
synthesis  and  hydrolysis  cannot  occur  spontaneously,  the  reaction  at 
one  of  the  faces  of  the  membrane,  in  general  the  synthetic  reaction, 
must  be  linked  with  other  chemical  reactions  to  give  a  system  of 
reactions  which  results  in  a  decrease  of  free  energy.  Such  systems  of 
reactions  are  known  to  be  common  in  the  organism.  The  difference 
between  active  transport  and  free  or  carrier  diffusion  does  not  lie  in 
the  nature  of  the  diffusion  process,  but  in  the  operation,  in  active 
transport,  of  a  system  of  chemical  reactions  which  create  a  favourable 
potential  gradient.  Although  the  whole  system  can  operate  and  each 
detailed  process  take  place  with  decrease  in  free  energy,  transport 
by  the  mechanism  suggested  can  result  in  the  creation  and  maintenance 
of  concentration  differences  and  also  in  the  transfer  of  material  from 
a  high  to  a  low  concentration  at  a  higher  rate  than  free  diffusion 
would  permit. 


Transport  of  a  particular  solute  may  proceed  simultaneously  by  more 
than  one  mechanism.  For  the  solvent  the  situation  is  more  complicated 
since  all  events  occurring  in  the  solution  affect  its  chemical  potential. 
In  aqueous  solutions  concentration  gradients  of  solutes,  established 
for  instance  by  active  transport  of  solutes,  may  cause  osmotic  water 
flow  or  hydrostatic  pressure.  In  the  secretion  of  hydrochloric  acid  in 
the  stomach  it  is  found  that  the  flow  of  water  is  too  great  to  be  attributed 
to  active  transport  by  any  enzyme  system  and  concentration  differences 
must  be  explained  by  active  transport  of  solute  molecules  (e.g.  H+) 
u^Jntroducing  isotopically-labelled  water  molecules  (e.g.  D.,0 
H2  O),  which  are  unlikely  to  differ  appreciably  from  H.,0  in  their 
properties,  the  influx  and  efflux  can  be  measured,  treating  the  labelled 
substance  as  a  solute.  Structural  peculiarities  of  a  membrane  can 
-T’  ^ete,;v'saSed  which  might  produce  anomalous  results  and! 
S‘n“ t'he  de.talled  strueture  of  actual  membranes  is  unknown,  inter- 
pretauon  of  results  ts  always  subject  to  uncertainty.  For  example 

verv  th?nembrane  COnu'nS  P°reS  °pen  at  one  end  and  closed  by  a 
very  thin  semtpermeable  membrane  at  the  other,  at  a  high  osmotic 
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pressure  the  flow  of  water  in  one  direction  may  be  great  enough  to 
be  equal  to  the  rate  of  diffusion  in  the  opposite  direction,  so  that 
an  experiment  with  isotopically-labelled  water  could  appear  to  indicate 
that  the  membrane  is  impermeable  to  water.  In  one  investigation 
(cf.  Ussing,  1952)  it  was  found  that  the  permeability  coefficient  of  a 
plant  cell  ( Tolypellopsis  stelligera )  to  water,  determined  using  an 
aqueous  solution  of  D20,  differed  by  a  factor  of  eight  from  that 
indicated  by  the  rate  of  osmosis. 


DISSOCIATION  REACTIONS 

A  number  of  reactions  of  biochemical  interest  can  be  classified  as 
dissociations.  Among  the  classes  of  compound  which  dissociate  are 
acids,  oxidants,  enzyme-substrate  complexes  and  metallic  co-ordination 
compounds  (e.g.  haemoglobin).  A  generalised  dissociation  reaction 
may  be  written! 

RX  ^  R  +  X 

the  equilibrium  constant  for  which  is  given  by 

X  =  [R][X]/[RX]  (54) 

Equation  (54)  may  be  written  in  logarithmic  form  as 

,  [R] 

log  X  =  log  [X]  +  log 

Contractions  of  the  first  two  terms  are  defined  by  the  equations 

pX  =  —log  X  (55) 


pX  =  -log  [X] 


so  that 


pX  =  pX  -  log 


[RX] 

[R] 


There  are  two  methods  of  graphicaltreatmentwhich  are 

used  in  considering  dissociation  equilibria.  The  plot  ol  pX  against  g 

aRX]/[R]"  lineal  the  value  of  pX  being  identical  w,t  thatof  pK 

when  the  dissociation  is  half  complete,  i.e.  [R  ]  [ 1 

trRXI/lRl)  -0  (Fig.  24).  The  plot  of  fractional  dissociation  (a),  i.e. 

SSS25&:  „r  „x 4,  J- 

t  One  or  both  of  the  products  of  di^S^  wiU 

“JSSl  TrZ  o  e  dissociation  of  acids,  oxidants  and  phosphate 

complunds  is  examined  in  detail  later  in  this  chapter. 
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Fig.  25  Relation  between  pX  and  fractional  dissociation  (a) 
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in  the  titration  of  an  acid  with  an  equivalent  of  a  strong  alkali  or  of 
a  reductant  with  an  equivalent  of  an  oxidant. 

It  often  happens  that  a  compound  can  dissociate  into  more  than  two 
residues  in  which  case  the  dissociation  may  be  regarded  as  occurring 
in  steps.  A  two-step  reaction  may  be  written 

RX2  RXx  +  X  (56) 

RX,  ^  R  +  X  (57) 

A  familiar  instance  of  such  a  dissociation. is  the  ionisation  of  a  dibasic 
acid.  Although  the  theory  of  step  reactions  is  applicable  to  any  type  of 
dissociation,  it  is  helpful  to  consider  a  specific  type  of  reaction.  Let  us 
consider  a  two-step  reaction  in  terms  of  the  ionisation  of  a  dibasic 

acid,  AH2.  The  more  advanced  theory  of  acid  dissociation  is  treated 

later  (p.  114),  but  for  the  present  purpose  it  is  sufficient  to  regard  an 
acid  as  ionising  to  give  hydrogen  ions  and  a  residual  anion.  Equations 
(56)  and  (57)  thus  become 

AH2  ^  AH-  +  H+  (58) 

AH-  ^  A2-  +  H+ 

while  pX  becomes  pH.  The  two  dissociation  constants  are  given  by 
the  equations 

Kx  =  [AH-][H+]/[AH2]  (59) 

K2  =  [A2-][H+]/[AH-]  (60) 


Since  there  are  two  hydrogen  atoms  capable  of  ionisation  there  are 
two  pathways  which  the  transition  from  AH2  to  A2-  may  follow. 
The  two  atoms  which  may  dissociate  may  be  distinguished  according 
to  the  position  of  their  attachment  to  A.  If  the  possible  intermediates 
are  denoted  by  AH7  and  AH7  the  two  pathways  are 

AH(tH6  AH(7  +  H+  A2-  +  2H+ 


and 


ah„h„ 


«2 


AHr  +  H+ 


K4 


A2-  +  2H+ 


k Ko}  Ky  and  Kj 
as  follows 


being  the  equilibrium  constants  for  the  four  steps, 

k  4  =  [AHa-][H+]/[AHaHJ 
=  [AH7][H+]/[AHaHft] 

K,  =  [A2-][H+]/[AH7] 
i<4  =  [A2i[H+]/[AH7] 


An  ordinary  titration  experiment  fails  to  distinguish  between  AH 
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.  Ao-  oniv  the  total  i.e.  AH-  of  equation  (58),  being  measured. 
The  practical  dissociation  constants  are  therefore  K,  and  ^  (equations 
(59)  and  (60)).  The  relationships  between  the  practical  dissociatio 
constants  and  the  fundamental  equilibrium  constants  may  be  established 

as  follows 


.  [AH-][H+]  [AH„-][H+]  [AH,;][H+]  = 

'  [AH,]  [AHJ  [AH,] 

1  [AH-]  [AH„~]  [AH,/]  =  1_  +  1_ 

K,  -  [A-][H+]  [A21[H+]  [A2-][H+]  k3  k, 


and  Ko  =  k3kJ(k3  +  k4). 


The  quantity  K4\K2  is  given  by 

(Kj  +  Ko)(\Ik3  +  I/kj)  =  ( Kj  +  K2)(K3  +  K4)I(K3K4) 

KjIKs  may  assume  any  value,  so  that  an  examination  of  various 
possibilities  is  of  interest.  Suppose  that  the  groups  combining  with 
each  hydrogen  ion  function  independently,  events  at  one  group  having 
no  effect  on  events  at  the  other.  Then,  if  they  are  also  identical  in  their 
chemical  nature, 

K]  =  k2  =  k3  =  k4  =  K 

and 

K4  =  2k;  Ko  =  \k 

so  that 

K4\Ko  =4 

while 

k  —  VKjKo  or  pK  =  KpKj  +  pK2 ) 

Thus,  even  though  the  fundamental  constants  are  identical,  the 
practical  dissociation  constants  for  two  successive  ionisations  differ 
by  a  factor  of  four.  This  factor  is  statistical  in  origin  and  can  be  almost 
intuitively  recognised  from  the  consideration  that  a  bivalent  acid  has 
two  chances  to  dissociate  and  the  univalent  ion  has  only  one  chance 
to  recombine,  while  the  univalent  ion  has  one  chance  to  dissociate  and 
the  bivalent  ion  two  chances  to  recombine. 

An  example  of  a  dibasic  acid  which  behaves  in  this  way  is  phenol- 
phthalein  which  has  two  phenolic  hydroxyl  groups  situated  one  on 
each  of  two  benzenoid  nuclei.  In  dibasic  acids  it  is  more  usual  for  the 
groups  to  interact. 

When  the  two  acidic  groups  are  dissimilar  but  still  function  indepen¬ 
dently 

K1  =  k4  ;  K2  =  X3 
K-l  —  Xj  K2 

K2  =  KiK2I^Kj  4-  K2) 


and 
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If  the  affinities  of  the  groups  for  a  hydrogen  ion  are  very  different, 
i.e.  K1  ;>  K2,  (since  Kt  is  the  dissociation  constant  of  the  first  dissocia¬ 
tion,  Kt  cannot  be  smaller  than  K2) 

Kj  =  Kj  +  K2  =£=  Kj 

K2  =  Kj^Kkj  +  K2 )  r2=  KjKo/kj  =  K2 

and  AT^/ATo  =  k^k.? 

i.e.  the  practical  constants  are  very  nearly  identical  with  the  funda¬ 
mental  constants.  Provided  that  the  groups  do  not  interact,  the 
practical  constants  differ  from  the  fundamental  constants  by  a  factor 
ranging  from  1  to  2. 

Suppose  now  that  the  two  ionising  groups  do  interact.  If  they  are 
chemically  identical 

«1  =  k2  ;  k3  =  '<4 


and 


Kj  =  Kj  +  «2  =  2  Kj 

Ko  —  k3k4I(k3  -j-  K4)  —  K23/2k3  =  K31 2 

Kj\K2  =  4  kj/k3 


It  can  be  seen  that  the  statistical  factor  is  again  involved  but  if  a 
correction  for  this  is  applied  the  fundamental  constants  may  be  deduced 
from  the  practical  constants.  This  state  of  affairs  exists  in  the  ionisation 
of  many  acids,  e.g.  organic  phosphates.  Since  the  dissociation  of  a 
proton  leaves  an  acid  more  negative  by  a  unit  charge,  further  dissocia¬ 
tion  is  more  difficult  and  with  almost  all  types  of  dibasic  (and  polybasic) 
acids  successive  dissociation  constants  become  smaller,  so  that  Kj/K2  >  4 
and  is  usuallv  between  101  and  105.  Where  the  two  groups  are  very 
close  and  the  electrostatic  effect  is  consequently  strong,  as  in  the 
phosphates,  KJK.  is  large,  e.g.  10  X  10*  for  phosphoric  acah  If 
however,  the  first  dissociation  so  changes  the  character  of  a  dibasic 
acid  that  the  affinity  of  the  residual  anion  for  its  hydrogen  is  decreased 
then  it  is  possible  for  the  value  of  KJK.  to  be  smaller  than  4.  For  the 
reason  discussed  above  this  cannot  happen  in  ordinary  acids,  but 
the  theoretical  possibility  is  realised  in  certain  thiazolium  salts  wine 
undergo  a  rearrangement  after  the  first  ionisation,  yielding  compounds 
with  a  very  low  affinity  for  the  remaining  proton  which  consequently 
dissociatesyalmost  instantaneously,  only  a  very  'ow  concern hat mn  f 
the  intermediate  form  remaining.  Here  the  value  of  JC./M  >s  mdis 

11  The  rektivevaluTof  the  dissociation  constants  K,  and  *  determine 
the  shape  of  the  titration  curve,  from  which  the  constants  may  be 
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evaluated.  The  shape  of  the  titration  curve  has  also  been  deduced 
theoretically  (Michaelis  and  Schubert,  1938).  A  family  of  curves 
exists  (Fig.  26)  which  has  the  following  characteristics.  For  all  values 


of  KJK,  greater  than  16  there  are  two  successive  sigmoid  curves 
giving  three  points  of  inflexion.  For  K^K,  =  16,  a  single  sigmoid 
curve  is  found,  having  a  slope,  at  any  given  point,  of  twice  the  magni¬ 
tude  of  the  slope  of  the  titration  curve  of  a  monobasic  acid.  The  shape 
of  the  curve  remains  the  same  for  values  of  K,/K,  smaller  than  16 
except  that  the  slope  decreases,  becoming  identical  with  that  for  a 
univalent  acid  when  KJK,  =  4  and  half  this  value  for  KAK,  =  0 
i.e.  when  the  dissociation  of  the  two  hydrogen  ions  takes  place  simul¬ 
taneously,  no  intermediate  form  existing.  The  value  of  AT  IK  is  a 

“  ?Tab.:  “mhfri0n  °f  1  -‘ermed^tffo^which 

can  exist  (Table  1 1).  The  whole  titration  curve  for  a  dibasic  acid  spans 
two  equivatemis,  while  that  for  a  univalent  acid  spans  only  one.  P 
The  theory  of  two-step  reactions  is  of  particular  importance  in 
W"h  OXldation  (Michaelis,  1932?,  for  which,  in  contrast 
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TABLE  11. 

The  fraction  of  intermediate  for  some  values  of  KfK2 
(Michaelis,  1940) 


FRACTION  OF  INTERMEDIATEf 

KilKs 

0 

0 

0005 

0  0001 

0  048 

001 

0-33 

1 

0-83 

100 

10 

00 

|  e.g.  in  example  (p.  1 10)  this  is  equal  to 

[AH-]/([AH3]  +  [AH"]  +  [A2"]) 


to  acid  dissociation,  Kj/K.,  for  the  loss  of  electrons  is  usually  much 
less  than  4,  although  values  of  up  to  103  have  been  reported.  A  number 
of  values  of  the  ratio  have  been  determined  for  enzyme-substrate 

complexes  (p.  227).  .... 

The  occurrence  of  more  than  two  successive  dissociations  can  be 

treated  by  reasoning  similar  to  the  foregoing.  An  example  of  a  four-step 
reaction  is  the  dissociation  of  oxygen  from  combination  with  haemo¬ 
globin  (Michaelis,  1949).  It  is  found  that  the  ratio  of  the  successive 
constants  is  less  than  that  arising  from  the  statistical  effect  and  it  is 
concluded  that  adsorption  of  oxygen  is  ‘co-operative’,  i.e.  each  oxygen 
atom  adsorbed  increases  the  oxygen-affinity  of  the  remaining  group. 

The  shape  of  a  titration  curve  may  be  the  same  for  a  polybasic  as  for  a 
monobasic  acid,  the  span  of  the  curve  being  the  appropriate  number  of 
equivalents.  This  curve  is  also  characteristic  of  the  Langmuir  a^sorPj!° 
equation  (p.  105)  which  also  is  based  on  the  assumption  that  adaption 
of  a  particle  is  not  affected  by  the  presence  of  particles  on  neighbouring 
adsorptionsites.  Consequently,  the  theory  of  dissociation  in  homo¬ 
geneous  solutions  merges  into  that  for  heterogeneous  systems.  It  has 

been  found,  for  instance,  that  in  enzymes  w^f  ^^Xtmte 

curves  indUtinguishable  in  shape  from  that 
depicted  in  Fig.  25.  pROTOLYTIC  reactions 

Acidic  „nd  basic  proxies  an.  "'t  "  W 

compounds  in  “  “nS, f  it  Sn3.<  limli  anil 

ions,  respectively.  Thl*  S™P  hc  m£st  widely-accepted  of  these  is 
extensions  have  been  suggestc  .  defines  acids  as  substances 

tha,  due  to  Bronsted  and  Lowry h  which  ^  ^  as  ^ 
which  tend  to  lose  protons  and  bases  as  sunsia 

for  protons,  thus  ^  ^  base  +  H+ 


PROTO  LYTIC  REACTIONS  1,5 

This  definition  leads  to  difficulties  in  non-aqueous  and  in  extremely 
concentrated  acid  or  alkaline  aqueous  solutions  (Hammett,  1935) 
but  is  adequate  for  dilute  aqueous  solutions  with  which  biochemistry 
is  concerned.  From  this  definition  arises  the  notion  of  acid-base  pairs, 
similar  to  oxidant-red uctant  pairs.  Such  a  system  is  termed  a  protolytic 
system.  Acids  and  bases  are  termed  protolytes  and  reactions  in  which 
they  take  part  protolytic  reactions.  According  to  this  point  of  view, 
while  the  molecules  of  compounds  familiar  as  acids  in  elementary 
chemistry  are  still  termed  acids,  hydroxides  are  not  bases,  the  character¬ 
istic  properties  of  their  solutions  being  due  to  hydroxyl  ions  which  are 
bases.  Ammonia  is  a  base  not  because  it  gives  rise  to  NH4OH,  and 
hence  to  hydroxyl  ions,  in  solution,  but  because  it  accepts  a  proton 
to  give  ammonium  ions. 

In  the  reactions 

NH|  ^  NH3  +  H+ 

CH3COOH  ^  CH3COO-  +  H+ 


HCO^  ^CO f-  +  H+ 

the  ammonium  ion  is  the  acid  corresponding  to  the  base  ammonia, 
the  acetate  ion  the  base  corresponding  to  acetic  acid  and  the  carbonate 
ion  the  base  which  corresponds  to  the  acid  bicarbonate  ion.  An  acid 
or  base  may  be  a  neutral  compound  or  may  bear  a  positive  or  negative 
charge,  the  only  necessary  condition  being  that  the  charge  on  an 
acid  should  be  greater  than  that  on  the  corresponding  base  by  a  unit 
positive  charge. 

The  acidity  of  a  solution  is  defined  as  its  proton  activity,  i.e.  {H+}. 
For  the  system 

A  ^  B  +  H+ 

where  A  and  B  are  the  acid-base  pair, 


(H+1 

t n  / 


A  b'  K'b  b' 


a 


where  KA  and  KB  are  activity  equilibrium  constants  (acidity  and 
asunty  constants,  respectively).  Concentrations  of  A  and  B  may  be 
substituted  for  activities,  to  give  ^ 


where 


{H+}  =  Ka  .  alb 
K*  =  • Ufn 


(61) 


fA  and  fB  being  the  activity  coefficients  of  A  and  B  resnertiv^l v  ;  « 
departure  front  idea,  behaviour  is  reflected  in  the  d’iSce  be^en 
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Ka  and  KA,  respectively  the  ‘classical’  and  ‘thermodynamic’  dissociation 
constants.  The  acidity  of  a  solution  is  proportional  to  the  ratio  of  the 
concentrations  of  acid  and  base  in  the  system,  i.e.  a/b. 

Free  protons  do  not,  however,  exist  in  any  appreciable  concentration 
in  aqueous  solution  and  the  value  of  KA  is  not  known  absolutely,  for 
water  itself  undergoes  protolytic  reactions 

H20  ^  OH-  +  H+ 


H30+  ^  H20  +  H+ 

giving  two  further  expressions  for  acidity: — 

[HoO]  {H20> 


{H+}  =  K 


H,0 


[OH  ]  Kn‘°  {OH-} 


and 


[HsO+]  _  ,  {H3on 

{H+}  =  Kn0+  ...  —  —  Ah 


[H2o] 


lh3o+ 


{h2o} 


In  very  dilute  aqueous  solutions  the  activity  of  water  may  be  taken 
as  unity,  as  for  pure  solvent,  so  that 


{H+}  oc  l/{OH-}  oc  {HaO 


By  convention,  the  constant  AYi3o+  is  als0  taken  as  unity’  so  that 

Actual  protolytic  reactions  are  concerned  not  with  the  liberation  of 
protons  but  with  their  transfer.  This  does  not  take  place  to  any 
appreciable  extent  by  way  of  the  partial  reactions 

Acid;  ^  Base;  +  H+ 

Baseo  +  H+  ^  Acid2 


but  by  the  equivalent  transfer  reaction 

Acid;  +  Base2  ^  Acid2  +  Base; 


(62) 


The  two  partial  protolytic  reactions  of  water  occur  also  in  a  single 
step,  the  process  being  termed  autopiotolysis 

H20  +  HP  ^  HaO^  +  OH- 

A  variety  of  solute  reaction,  such 

lysis  of  salts,  neutra hsatio  b  ^  ^  Brensted.Lowry  theory  can 

as  shown  in  Table  12  1  Pq  ehend  in  a  single  general  theory  a 

ofphenomena  previously  con^f from  too  of 

if^SS'S?  i  :£/”  -  “  —• 
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Ionisation 
Ionisation 
Hydrolysis  of  salt 
Neutralisation 
Autoprotolysis 


TABLE  12. 

Some  protolytic  reactions 

Acid  i  +  Base2  ^  Acid2  +  Basei 

ch3-cooh  +  h2o  ^  h3o+  +  ch3.coo- 

H20  +  NH3  ^  NH4+  +  OH- 

nh4+  +  h2o  ^  h3o+  +  nh3 
ch3-cooh  +  OH-  ^  h2o  +  CH.-COO" 
H'20  +  H20  ^  H30+  +  OH- 


them  and,  secondly,  its  high  dielectric  constant,  which  enables 
oppositely  charged  particles  to  exist  together  in  appreciable  con¬ 
centrations.  The  convention  that  K^i0+  =  1  makes  it  possible  to 
determine  the  value  of  K#2 0,  since 

*h2o  =  {H30+}{0H-} 

Kk  o  is  about  10-14,  a  value  determined  by  conductivity  measurements 
and  is  termed  the  ionic  product  of  water.  This  condition  holds  for  all 
dilute  solutions  which  contain  hydrogen  (hydroxonium)  and  hydroxyl 
ions,  so  that  for  a  solution  which  is  normal  with  respect  to  NaOH, 
assuming  complete  ionisation,  {OH-}  =  10°  and  {H30+}  =  10-14, 
approximately.  Similarly  for  0-01  N-NaOH,  {OH-}  =  10-2  and 
{H30+}  =  10“12.  The  ‘neutral’  point  is  that  at  which  {H30+}  = 
{OH-}  =  10~7,  as  in  pure  water.  This  way  of  expressing  acidity  is 
cumbersome  and  it  is  usual  to  use  the  ‘pH  scale’  on  which 

pH  =  —log  {H30+},t  or,  in  very  dilute  solutions, 


pH  =  -log  [H30+],t  (63) 

so  that,  if  {H30+}  =  lO"7,  pH  =  7  and,  if  {H30+}  =  5  X  10~3  = 
10~2  301,  pH  =  2-301.  The  use  of  pH  has  another  advantage,  for  the 
chemical  potential  is  also  related  in  a  linear  manner  to  the  logarithm 
of  a  concentration  (or  activity),  so  that  pH  is  a  measure  of  the  chemical 
potential  of  the  hydrogen  ion. 

On  the  basis  of  equation  (62)  it  is  possible  to  evaluate  the  dissociation 
constant  of  an  acid  in  aqueous  solution  and  thus  to  obtain  a  numerical 
index  of  its  ‘strength’  in  terms  of  the  ‘standard’  acid,  H30+.  Thus 
for  the  reaction 


A  +  HaO  ^  B  +  HaO+ 

t  Neither  the  activity  nor  the  concentration  of  hydroxonium  ions  can  be  directly  measured 
In  practice,  the  pH  scale  is  defined  in  terms  of  electrochemical  measurements  on  standard 
buffer  solutions.  The  pH  values  of  these  solutions  are  assigned  by  convention  but  as  the 
alues  chosen  are  consistent  with  the  thermodynamic  properties  of  the  buffer  solutions  the 
experimentally  determined  pH  value  of  a  dilute  aqueous  solution  may  bTtl^s  Tuslful 
measure  of  the  hydrogen  ,on  activity.  For  a  fjer  discussion  of  the  pH  scale  si  B“[e' 
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the  equilibrium  constant  is 


K 


(.4) 


[H3Q+] 

[H20] 


-  =  [H,0+]- 
a  L  '*  \t 


(64) 


K(a)  is  related  to  KA  (equation  (61))  as  follows 

K(a)  —  KaIK^0+ 

i.e.  it  is  a  measure  of  the  acidity  relative  to  H30+  in  dilute  aqueous 
solution. 

Equation  (64)  may  be  written  in  a  more  familiar  form  as  follows, 
for  the  dissociation  of  an  acid,  HX, 


^(HX)  —  [H30+] 


[x-] 

[HX] 


(65) 


By  combining  equations  (63)  and  (65)  a  relation  is  obtained  between  the 
dissociation  constant,  pH  and  the  ratio  of  concentrations  of  dis¬ 
sociated  and  undissociated  forms,  viz. 

,  [HX] 

pH  =  —  log  ^(HX)  —  log  (66) 

When  the  acid  is  present  also  in  the  vapour  phase,  in  equilibrium 
with  the  solution,  the  concentration  of  the  undissociated  acid  is 
determined  by  the  pressure  of  the  gaseous  form.  For  example,  for 
carbon  dioxide  in  the  presence  of  water  the  following  species  are  in 
equilibrium  (hydrogen  ions  and  water  molecules  are  omitted). 

C02  ^  C02«Aq  ^  H2C03  ^  HCOl  ^  CO;- 


and  hence 


[H2C03]  =  K  (CP2) 


Equation  (66)  may 


[HCOg]  [hco3] 

where  (C02)  represents  the  pressure  of  CO 
now  be  written 

T,  ,  (CO2) 

pH  =  pK(0o2)  -  log  [HCO3-] 

This  equation  is  well-known  as  the  Henderson-Hasselbalch  equation, 
widely  used  in  respiration  studies. 

For  a  base 


a 


—  [OH  ]  . 


[NH]][OH1 

-  [NHj- 


e.g.  for  ammonia 
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For  the  dissociation  of  water 

__  [H30+][0H-] 
A(1I,0)  -  [H20] 


[H30+][0H-] 


so  that,  for  any  one  acid-base  pair  in  aqueous  solution 


K, 


(.4) 


K(b)  — 


(11,0) 


Earlier  in  this  chapter  (p.  108)  the  ionisation  of  an  acid  was  con¬ 
sidered  as  an  example  of  a  dissociation  reaction.  The  foregoing 
analysis  shows  that  the  numerical  value  of  the  ‘dissociation  constant 
of  an  acid  is  dependent  on  the  solvent,  the  dissociation  of  an  acid  in 
aqueous  solution  being  accompanied  by  immediate  hydration. 
Provided  that  this  is  borne  in  mind  the  development  outlined  in  the 
previous  section  is  permissible. 

From  Figs.  24  and  25  it  can  be  seen  that  the  effect  of  added  hydrogen 
or  hydroxyl  ions  upon  the  pH  of  a  solution  is  dependent  upon  the  ratio 
of  the  concentrations  (activities)  of  the  acid  and  conjugate  base. 
When  the  value  of  this  ratio  is  close  to  unity,  the  rate  of  change  of 
pH  is  minimal.  This  is  the  basis  of  buffer  action,  each  acid-base  pair 
acting  as  an  efficient  buffer  over  a  range  of  pH  close  to  pKU).  Thus 
different  acid-base  pairs  act  as  efficient  buffers  at  different  pH  values, 
according  to  the  appropriate  value  of  KU),  and  the  whole  pH  scale 
may  be  covered  by  a  range  of  buffers.  Over  the  pH  range  in  which  the 
biochemist  is  most  interested  (pH  2  to  9)  useful  buffers  are  derived 
from  weak  acids,  but  a  strong  acid  such  as  hydrochloric  acid  may  act 
as  a  buffer  at  a  very  low  pH,  i.e.  approximately  50%  dissociation  is 
achieved  only  at  a  very  low  pH.  The  above  considerations  are  quite 
general  and  indicate  that  all  acid-base  pairs,  as  they  occur  in  solutions 
of  acids,  can  act  as  efficient  buffers  under  appropriate  conditions. 
These  conditions  are  limited  and,  for  practical  purposes,  a  suitable 
ratio  of  acid-base  concentrations  is  often  obtained  by  using  a  solution 
of  the  acid  or  base  and  one  of  its  salts.  Common  examples  are  acetic 
acid-sodium  acetate  (range  pH  3-7  to  5-6)  and  boric  acid-NaOH 
(pH  7-8  to  10  0). 


Buffering  is  of  importance  in  biological  systems  since  normal 
metabolism  can  occur  efficiently  only  in  a  very  small  range  of  pH. 
Although  metabolic  degradation  processes  are  accompanied  by  a 
constant  production  of  acid,  the  pH  of  body  fluids  is  maintained  almost 
constant  (pH  7-3-7-5).  This  is  due  to  the  presence  of  buffers,  the  most 
important  being  H2C03/HCC>7,  H2P0t/HP042-  and  various  proteins 
The  ionisation  of  polybasic  acids  has  already  been  discussed,  but 
the  amphoteric  nature  of  proteins  and  amino-acids  deserves  special 
mention.  In  the  form  where  the  molecule  as  a  whole  is  electrically 
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neutral,  proteins  and  amino-acids,  like  water,  can  function  both  as 
acids  and  bases.  The  successive  ionisations  of  glycine  may  be  repre¬ 
sented  as 

h2o  +  +h3n-ch2-cooh  ^  +h3nch2-coo-  +  h3o+ 

(GH  +  )  (GH) 

2 

HUO  +  +H3N-CH2-COO-  ^  H.N-CHo-COO-  +  H30+ 

(GH)  (G-) 

The  theory  of  ionisation  of  dibasic  acids  (p.  1 10)  applies  whatever  the 
charge  on  the  molecule.  The  intermediate  form,  although  an  electri¬ 
cally  neutral  molecule,  possesses  two  oppositely  charged  groups  and 
is  termed  a  zwitterion.  The  pH  at  which  a  maximal  amount  of  this 
form  exists  is  called  the  isoelectric  point  (pH*).  It  was  at  one  time 
believed  that  the  isomeric  uncharged  form  produced  by  ionisation  of 
the  groups  in  the  reverse  order  was  the  intermediate,  but  the  properties 
of  the  ampholyte  at  the  isoelectric  point,  e.g.  the  high  dielectric  constant 
of  glycine,  indicate  the  presence  in  quantity  of  the  zwitterion.  The 
value  of  the  isoelectric  point  may  be  calculated  from  the  successive 
dissociation  constants  K1  and  K2. 

K  Q+l  [GH] 

Kl  ~  ^H3°  '  [GH+] 

K,  = 


At  the  isoelectric  point 

whence 

or 


[GHJ]  =  [Gi 

{H30+}  =  {Kfa)' 


pHt  =  li^Ki  +  P^j) 

The  titration  curve  will  be  one  of  the  family  of  curves  shown  in  Fig  26 
Lh  il  for  almost  all  dibasic  acids,  of  the  form  of  curve  D.  The  state 
o?  affa  r^is  more  complex  for  a  protein,  where  several  different  types 

SSS; group  may  be 

moreover  the  groups  ^  t.tratmn  «.  ^ 

gBjftSS  "  r  sr  - 

imidazole  groups  and  one  for  e  §  I  reactions  is  that  they  are 

An  important 

"diranPotappl“o  the  small  number  of  anomalous  acids  where 


AMPHOLYTES 
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Ko  >  K,  in  which  a  slow  molecular  rearrangement  takes  place  before 
the  second  ionisation  (p.  112).)  As  a  result,  aU  acids  and  bases  tn 
an  aqueous  solution  are  in  equilibrium  with  each  other  and  the  ratios 
of  concentrations  of  the  acids  and  their  conjugate  bases  are  unique  y 


Fig.  27  Titration  curve  for  acid-processed  gelatin  (pH,  =91) 
(Kenchington  and  Ward,  1954,  Biochem.  J.) 


determined  by  their  p K  values  and  the  pH  value  of  the  solution. 
The  thermodynamic  quantities,  AG,  AH  and  AS,  of  reaction  therefore 
directly  determine  the  actual  state  of  a  protolytic  solution.  This  is  in 
contrast  to  the  state  of  affairs  for  most  other  reactions  of  biochemical 
interest,  e.g.  oxidation-reduction,  phosphorylation.  The  relationships 
of  p K,  AG,  AH  and  AS  are  given  by 

2-3p K  =  —  AG°  =  AH 0  -  TAS°  (67) 


The  values  of  p/f  and  therefore  of  AG°  for  different  acids  vary  greatly, 
as  do  those  of  AH0  and  AS0. 

Ionisation  reactions  may  be  classified  in  terms  of  three  types.  In 
the  first,  no  new  electrical  field  is  created 


R-NH+  +  H20  ^  RNH2  +  H30+  (Type  A) 

This  is  therefore  termed  an  isoelectric  reaction. 

The  second  type  of  ionisation  results  in  the  creation  of  a  new  electric 
field 

R'COOH  +  HaO  ^  RCOO~  -f-  H30+  (Type  B) 

In  the  third  type,  creation  of  a  new  electrical  field  also  occurs  and, 
in  addition,  the  separation  of  a  proton  from  an  existing  negative  field 

H2POp  +  H20  ^  HPOf-  +  H30+  (Type  C) 

It  is  found  that  the  increment  in  specific  heat  at  constant  pressure 
(AC„)  which  measures  the  rate  of  change  of  A H»  with  temperature 
is  smallest  for  isoelectric  reactions.  This  indicates  that  coulombic 


122 


EQUILIBRIA  IN  AQUEOUS  SOLUTION 


forces  play  a  considerable  part  in  ionisation  reactions.  The  values  of 
the  thermodynamic  parameters  are,  however,  determined  by  the 
structures  of  the  reactants,  as  well  as  by  the  electrical  type.  For  ionisa¬ 
tion  in  certain  series  of  related  acids,  e.g.  met  a  and  para  substituted 
benzoic  acids,  it  has  been  found  possible  to  interpret  the  variation  in 
the  ionisation  constant  with  structure  in  terms  of  the  change  in  electron 
density  at  the  centre  of  reaction  (cf.  p.  147).  There  is,  however,  not  yet  a 
theory  capable  of  accounting  quantitatively  for  the  experimental 
observations  (cf.  Harned  and  Owen,  1950). 

Values  of  thermodynamic  parameters  for  some  ionisation  reactions 
are  given  in  Table  13. 

TABLE  13. 


Values  for  heat,  free  energy,  specific  heat  at  constant  pressure  and  entropy 
of  ionisation  reactions  at  25° C  (Harned  and  Owen,  1950) 


ACID 


water 

acetic 

lactic 

phosphoric  (1) 
phosphoric  (2) 
valine  (COOH) 
valine  (NH3+) 
/soleucine  (COOH) 
iso  leucine  (NH+) 


REACTION 

A  H098 

A  Go98 

c 

AS 

TYPE 

(kcal./mole) 

(kcal./mole) 

(cal./°C/mole) 

B 

13  5 

19  1 

-46-5 

-18-7 

B 

-  01 

6-5 

—36  5 

-22-1 

B 

-  01 

5-2 

-40-7 

-180 

B 

-  1-8 

2-9 

-50-7 

—  15-7 

c 

0-8 

9-8 

-451 

-30-2 

B 

01 

31 

-37-8 

— 10  3 

A 

2-8 

5-8 

-32-7 

-  9-9 

B 

0-3 

3-2 

-381 

-  9-7 

A 

2-8 

5-8 

-28-6 

-101 

In  conclusion  it  should  be  mentioned  that  it  is  possible  to  dispense 
altogether  with  the  pH  scale  and  the  concept  of  hydrogen  ions,  free 
or  hydrated,  by  referring  the  parameters  for  the  equilibrium  state 
directly  to  the  measurable  potential  of  an  electrode,  as  is  often  done 
for  oxidation-reduction  equilibria,  and  using  the  equation 


RTt  [HX] 


E  =  E0  +  -y\n  [Xi 


(cf.  equation  (44),  p.  92) 


The  use  of  E  instead  of  pH  and  E„  in  place  of  pK  does  not  greatly  alter 
the  formal  treatment  of  acid  ionisation  as  a  dissociation  reaction 
L  less  generally  accepted  than  the  Lowry-Bronsted  approach  to 

protolytic  reactions. 

OXIDATION-REDUCTION  REACTIONS 

In  addition  to  the  dismutation  of  water  which  leads  to  the  formation 
of  anions  and  cations,  i.c. 

2HoO  ^  H30+  +  OH- 


OXIDATION-REDUCTION 

a  reaction  which  forms  the  basis  of  protolytic  phenomena,  another 
reaction  may  occur  which  can  be  written 

2H20^2H2  +  02 

This  equilibrium  is  a  useful  basis  for  the  discussion  of  oxidation  and 
reduction,  reactions  which  play  a  large  part  in  intermediary  metabolism. 
While  a  few  oxidations  occur  by  the  direct  addition  of  oxygen,  the 
majority  of  biological  oxidation-reduction  reactions  involve  the  loss  or 
gain  of  hydrogen.  A  typical  biochemical  reaction  of  this  type  may  be 
written 

AH,  ->  A  +  H2 

where  AH2  represents  many  compounds  of  metabolic  importance. 
Reactions  of  this  kind  which  occur  in  nature  are  catalysed  by  enzymes 
called  dehydrogenases.  For  instance,  succinic  acid  may  lose  two  atoms 
of  hydrogen,  yielding  fumaric  acid 

HOOC-CH,-CH2-COOH  ^  HOOC*CH=CH'COOH  +  2H 


succinic  dehydrogenase  being  the  enzyme  involved:  the  hydrogen 
is  not  liberated,  but  is  passed  on  to  other  compounds  (p.  283). 

In  many  systems  the  reduced  compound  may  be  maintained  in 
equilibrium  with  its  oxidised  form  and  hydrogen  by  means  of  a 
platinum  catalyst.  The  occurrence  of  such  an  equilibrium  may  be 
interpreted  in  terms  of  a  definite  concentration  of  molecular  hydrogen 
in  solution  in  the  presence  of  the  catalyst.  At  equilibrium  the  chemical 
potential  of  a  substance  in  solution  is  the  same  as  that  in  the  vapour 
phase,  so  that  a  definite  concentration  of  molecular  hydrogen  in 
solution  is  associated  with  a  definite  pressure  of  hydrogen  in  the 
gaseous  phase.  This  pressure  can  be  used  as  a  measure  of  the  reducing 
power  of  the  substance  AH2  and  a  convenient  function  for  this  purpose 
is  the  logarithm  of  the  pressure,  for  the  same  reasons  that  a  logarithmic 
1  unction  is  used  as  a  measure  of  hydrogen  ion  concentration.  In  this 
instance  the  function  gives  rise  to  the  rH  scale  which  is  analogous  to 
the  pH  scale.  The  rH  value  of  a  system  is  defined  by  the  equation 


rH  =  -  log  (H2) 

where  (H2)  is  the  pressure  of  hydrogen  gas  with  which  the  oxidation- 
reduction  system  (A  and  AH2)  is  in  equilibrium.  The  pressure  in  the 
gaseous  phase  is  chosen  as  it  may  be  measured  directly,  whereas  the 
minute  concentration  of  molecular  hydrogen  in  solution  is  measurable 
at  equilibrium  only  via  the  gas  pressure,  the  ratio  [A]/[AH,1  or  bv 
electrical  measurements.  2J  y 

The  rH  scale  extends  from  0,  which  corresponds  to  one  atmosphere 
of  hydrogen,  to  41,  which  corresponds  to  one  atmosphere  of  oxygen. 
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A  particular  oxidation-reduction  system  may  be  described  in  terms 
of  its  equilibrium  constant  and  standard  free  energy  change.  For 
the  reaction 

AH2  —>■  A  -f-  H2 

the  standard  free  energy  change  is  simply  the  difference  between  that 
of  the  forms  AH2  and  A,  since  by  convention  the  free  energy  of 
hydrogen  at  a  pressure  of  one  atmosphere  is  zero.  For  instance,  the 
difference  in  free  energy  between  one  mole  of  succinate  and  one  of 
fumarate  is 


-165  09  kcal.  -  (  —  144  62  kcal.)  =  -2047  kcal. 

The  rH  value  is  related  to  the  ratio  of  oxidised  and  reduced  forms, 
as  follows  (cf.  equation  (33)) 

-RT\nK=t*%2-/u°A  -  A 

[AH2] 


=  RT\n 


[A](H.) 


=  RT\ n^4^y  —  RT\n  (Ha) 


but 

so  that 


rH  = 


[A] 

log  (H2) 


rH  =  —  log  K  —  log 


[AHJ 

[A] 


=  p K-  log 


[AHJ 

[A] 


(67a) 


This  is  analogous  to  equation  (66),  involving  pH 

,  [HX] 

pH  =  —  log  K  —  log 


l.e 


or 


,  [HX] 
pH  =pX-log^zj- 


It  can  be  seen  that,  when  the  concentrations  of  the  reduced  and 
oxidised  forms  are  equal,  the  rH  value  is  numerically  equal  to  the 
p K  value,  just  as  pH  and  p K  values  are  equal  when  an  acid  is  50  /„ 
dissociated.  A  quantity  rH„  is  defined  as  follows 

rH0  =  -  log  K  (68> 

rH  being  the  rH  value  for  a  system  in  a  half-oxidised  state  at  a  standard 
pH.  Systems  may  be  characterised  by  their  rH0  values.  From  equations 

(55)  and  (68) 


rH„  =  p  K 
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so  that,  by  substituting  in  equation  (67a) 

rH  =  rH0-log^y  (69) 

It  is  found  that  on  this  scale  various  simple  rules  may  be  applied  to 
give  useful  information  which  enables  different  systems  to  be  related. 

For  instance, 

log  K  —  ArH0 

where  ArH0  is  the  difference  between  the  rH0  values  of  two  systems  and 
K  the  equilibrium  constant  for  the  reaction  between  the  systems. 
For  example,  for  the  reaction  between  half-reduced  succinic  acid  and 
half-reduced  methylene  blue,  AT  =  10  and  ArH0  =  1.  Table  9  (p.  93) 
contains  values  for  r'H,  this  being  the  rH  value  for  a  half-oxidised 
system  at  any  given  pH  value  and  more  readily  determined  in  practice. 
If  either  of  the  reactant  species  is  an  acid,  the  rH  value  of  the  system 
will  vary  with  pH.  This  effect  is  due  to  the  fact  that  the  ions  and  not  the 
total  oxidised  or  reduced  form  are  concerned  in  the  equilibrium. 
Equation  (69)  can  be  modified  to  take  this  into  account.  As  an  example 
let  us  consider  the  quinol-benzoquinone  system :  this  is  of  interest  on 
account  of  its  use  in  the  quinhydrone  electrode.  The  oxidation-reduction 
reaction  concerned  is 

0:CgH4:0  +  H2  ^  HOC6H4OH 
which  may  be  abbreviated  as 

Q  +  H2  ^  QH2 

The  reduced  form,  quinol,  is  capable  of  ionisation  in  two  stages, 
as  follows 

QH2  ^  H+  +  QH  equilibrium  constant  K1 

QH-  ^  H+  +  Q2-  equilibrium  constant  K~ 

Now  let 

[(QH2)t]  =  [QH2]  +  [QH-]  +  [Q2-] 
where  (QH2)t  is  the  total  quinol  in  all  its  forms.  Then 

KQH2)J  =  [QHJ  (l  +  (70) 

Substituting  in  equation  (69)  [QHJ  for  [AHJ  and  [Q]  for  [A1  and 
combining  it  with  equation  (70) 


rH  =  rH0  -  log  +  log  ( 1  + 


K 


K,K2 
[H+]  '  [H+] 


(71) 


The  value  of  rH  for  the  half-reduced  ionising  system  is  r'H.  For  the 
qumone  system  the  difference  between  r'H  and  rH0  is  negligible  for 
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pH  values  greater  than  8.  For  a  system  in  which  both  oxidised  and 
reduced  iorms  dissociate,  as  with  succinic  and  fumaric  acids,  this 
effect  depends  on  the  difference  between  the  ionisation  constants  of 
the  two  forms.  In  general  the  difference  is  small  because  the  extra 
term  in  the  appropriate  equation  has  only  a  small  value.  This  effect 
is  maximal  for  pH  values  of  the  same  order  as  the  p K  values  and 
negligible  for  pH  values  far  removed  from  the  p K  values. 

An  alternative  method  of  treating  oxidation-reduction  reactions  is 
in  terms  of  electron,  rather  than  hydrogen,  transfer.  This  is  obvious 
for  oxidation-reduction  reactions  which  involve  changes  in  valency, 
e.g.  Fe2+  ^  Fe3+  +  e.  For  compounds  which  ionise  in  an  aqueous 
solvent  an  oxidation-reduction  reaction  can  be  written  in  terms  of 
either  hydrogen  or  electron  transfer.  This  may  be  illustrated  by  writing 
the  appropriate  equations  for  the  quinol-quinone  reaction. 

Hydrogen  transfer 

HOQHpOH  ^  0:C6H4:0  +  2H 

Electron  transfer 

HOC6H4-OH  ^  -OCgH4-0  +  2H+ 

0'C6H4'0-  ^  0:C6H4:0  +  2c 

Since  an  aqueous  solvent  may  be  considered  as  a  reservoir  of  hydrogen 
ions  and  since  thermodynamics  is  concerned  only  with  overall  reactions 
and  not  with  intermediate  mechanisms,  the  two  descriptions  are 
thermodynamically  equivalent.  It  is  usual  to  consider  oxidation- 
reduction  reactions  in  terms  of  electron  transfer,  partly  because  this  is 
the  most  general  treatment,  including  in  the  same  scheme  dehydro¬ 
genation  and  valency  changes  in  metals,  and  partly  because  measurement 
of  the  electromotive  force  is  a  convenient  way  of  determining  the 

equilibrium  position  of  a  system.  ...  . 

The  reduced  form  of  a  substance  is  in  equilibrium  with  the  oxidised 

form  and  an  electron  and  may  be  regarded  as  exerting  a  definite 
‘pressure’  or  activity  of  electrons.  Writing  a  generalised  reaction 

equation 

red  ^  ox  +  e 

the  mass  action  expression  may  be  formulated  as 

[e][ox]  =K 

[red] 


[ox] 

log  [e]  =  log  K  -  log 


or 
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However,  while  the  fiction  of  a  solution  of  protons  was  found  to  be 
acceptable  as  a  basis  for  the  formal  treatment  of  acid-base  equilibn , 
a  hypothetical  solution  of  electrons  has  never  been  invoked  in  dealing 
with  oxidation-reduction  reactions,  presumably  because  water  is  a 
proton  acceptor  but  not  an  electron  acceptor.  The  state  of  an  oxidation- 
reduction  system  may  be  described  by  direct  reference  to  the  electrical 
potential  set  up  at  a  metal  electrode,  by  the  equation 


E  =  Er 


RT . 
~FXn 


[A] 

[A+] 


Oxidations  and  reductions  in  organic  compounds  are  concerned 
with  the  movement  of  two  electrons  in  order  to  preserve  the  normal 
valencies  of  the  elements.  The  transfer  of  one  electron  results  in  the 
formation  of  a  free  radical.  It  was  formerly  believed  that  in  oxidation- 
reduction  reactions  the  two  electrons  were  transferred  together,  no  free 
radical  intermediate  being  required.  In  1932,  however,  Michaelis  put 
forward  a  theory  of  compulsory  one-electron  transfer  and  it  is  now 
generally  accepted  that  in  readily  reversible  oxidation-reduction  reactions 
the  reaction  occurs  in  two  stages,  with  a  free  radical  intermediate. 

The  theory  of  oxidation-reduction  equilibria  is  similar  to  that 
described  for  dissociation  reactions  in  general  and  acid-base  equilibria 
in  particular,  but  in  place  of  the  two  reactions 


A  ^  A+  +  e 


A+  ^  A2+  +  e 

with  equilibrium  constants  K1  and  K2 ,  the  single  reaction 

A2+  +  A  ^  2A+ 

is  considered,  the  equilibrium  constant  being  K  —  KjjK2.  Considera¬ 
tion  of  ‘electron  activity’  is  avoided.  The  shape  of  the  titration  curve 
gives  information  about  the  value  of  K.  Fig.  28  shows  the  oxidative 
titration  curve  for  a-oxyphenazine,  with  K  —  1600.  It  can  be  seen 
that  there  is  a  resemblance  to  the  titration  curve  for  a  dibasic  acid. 

The  value  of  K  is  dependent  upon  pH  and  for  many  compounds  it 
is  possible  so  to  adjust  the  pH  that  the  titration  curve  resembles  that 
for  a  univalent  dissociation  ( K  =  4),  although  the  free  radical,  often 
very  highly-coloured,  can  still  be  observed.  The  possibility  that  the 
intermediate  form  is  a  dimer  can  be  eliminated  by  studying  the  reaction 
at  various  concentrations,  since  dimerisation  is  dependent  upon 
concentration.  r 

Electron  transfer  processes  are  of  considerable  biochemical  interest, 
e.g.  in  oxidation-reduction  processes  where  cytochromes  accept  only 
one  electron  per  molecule,  while  co-enzymes  donate  two.  Pyridine 
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derivatives  and  flavins  are  able  to  form  free  radical  intermediates, 
termed  semi-quinones,  and  so,  by  a  stepwise  transfer  of  their  two 
available  electrons  to  two  cytochrome  molecules,  avoid  the  (theoretical) 
necessity  of  a  termolecular  collision  between  two  cytochrome  molecules 
and  one  of  co-enzyme  or  flavin. 


Some  flavoproteins  have  been  found  to  contain  metal  ions,  ej. 
copper  in  fatty  acyl  co-enzyme  A  dehydrogenase  and  iron  in 
cytochrome  reductase,  and  it  seems  likely  that  there  is  an  intramole¬ 
cular  one-electron  transfer  from  the  flavin  to  the  metal  tvhich  can 
then  transfer  a  single  electron  to  a  cytochrome  molecule  (Mahler, 

l9The  occurrence  in  organisms  of  reactions  with  a  free  radical 
mechanism  is  strongly  supported  by 

by  Commoner  et  al  (1954),  who  found  two  types  of  free  radical 
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lyophilised  tissues.  One  type  is  heat-labile,  apparently  associated  with 
native,  but  not  with  denatured,  protein,  and  present  at  a  concentration 
0f  io-6-10~8  mole/gm.  tissue.  The  amount  was  shown  to  be  greatest 
in  tissues  with  high  metabolic  activity  (e.g.  liver,  green  leaves)  and  to 
be  dependent  on  the  level  of  metabolic  activity  within  these  tissues. 
The  other  type  of  free  radical  includes  polymeric  condensed  ring  systems 
containing  unpaired  electrons,  e.g.  melanin.  These  radicals  are  iemark- 
ably  stable:  for  instance,  the  free  radical  activity  of  melanin  lesists 
refluxing  in  HC1  for  24  hours.  The  late  discovery  of  such  interesting 
evidence  is  due  to  the  difficulty  of  measuring  minute  amounts  of  free 
radicals  in  the  presence  of  large  amounts  of  diamagnetic  substances 
such  as  occur  in  living  material,  a  difficulty  now  overcome  by  the 
development  of  paramagnetic  resonance  absorption  techniques. 

The  question  as  to  whether  any  reversible  oxidation-reduction 
reactions  take  place  by  two-electron  transfer  (K  —  0)  is  still  disputed. 
Unfortunately,  experimental  methods  are  capable  of  distinguishing 
values  of  K  only  if  they  are  greater  than  0  01,  at  which  level  there  is 
still  more  than  4%  of  the  compound  present  as  free  radical.  However, 
even  if  instrumental  measurements  were  much  more  sensitive,  it  would 
always  be  possible  to  maintain  that  K  is  finite,  however  small,  and 
any  definition  of  ‘simultaneous’  transfer  of  two  electrons  would  be 
arbitrary.  It  is  suggested  that  certain  oxidations,  e.g.  of  ethanol,  which 
are  slow  and  not  readily  reversible,  involve  such  a  simultaneous 
transfer  of  electrons  (Westheimer,  1954). 

Gorin  (1940)  has  accounted  for  the  slowness  and  irreversibility  of 
oxidations  involving  molecular  oxygen  in  terms  of  the  Michaelis 
theory.  Calculations  based  on  enthalpy,  assuming  the  approximate 
additivity  of  mean  bond  energies  (p.  76),  show  that  for  the  first  step  in 
the  reduction  of  oxygen 

02  T*  e  02 

E0  is  equal  to  —0-4  volt.  By  analogy  with  the  weak  acidic  nature  of 
water  and  hydrogen  peroxide  it  would  be  expected  that  HO.,  would 
instantaneously  result  fiom  combination  of  a  proton  with  the  species 
O  2  •  The  second  step  in  the  reduction  of  oxygen  would  then  be 

HO,  ->  H02  +  e 

for  which  £0  =  0-5  volt. 

Oxygen  is  therefore  a  weak  oxidising  agent  for  the  first  step:  in 
consequence  a  reducing  agent  powerful  enough  to  initiate  rapid 
reduction  of  oxygen  would  be  so  completely  oxidised  that  the  reaction 

very  slrnv lyCar  ,rreVersible’  while  a  weak  reducing  agent  would  react 
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Complex-formation  probably  modifies  these  energy  relations  and 
this  may  account  for  the  catalytic  action  of  copper  in  many  oxygen 
reactions  and  of  iron-  and  copper-containing  enzymes  in  organisms. 
It  may  be  significant  that  polyphenol  and  catechol  oxidases  are  copper 
enzymes  and  the  copper-protein  haemocyanin  appears  to  be  the  only 
compound  of  biological  interest  so  far  observed  to  have  an  rH  value 
(33)  lying  between  that  of  oxygen  (41)  and  that  of  the  polyphenols 
(26).  Similarly,  the  iron-porphyrin  compounds  have  rH  values  between 
that  of  oxygen  and  those  of  the  other  biological  systems,  e.g.  the 
dehydrogenases. 


REACTIONS  OF  PHOSPHATE  COMPOUNDS 


Organic  phosphate  compounds  play  a  large  part  in  metabolism. 
Two  reactions  of  importance  are  transference  of  the  phosphate  radical 
from  one  organic  residue  to  another  and  hydrolysis  of  organic  phos¬ 
phate  compounds  to  yield  phosphate  ions  and  an  organic  compound. 
In  the  organism  transference  reactions  are  often  close  to  equilibrium, 
but  hydrolytic  equilibrium  is  not  attained.  Nevertheless,  the  equi¬ 
librium  constant  for  hydrolysis  and  the  associated  free  energy  change 
are  of  fundamental  importance  in  the  theory  of  energy  transport. 

Let  us  consider  the  hydrolysis  of  an  organic  phosphate,  X  —  P,  where 
X  represents  the  radical  derived  from  a  variety  of  compounds  of 
importance  in  metabolism,  e.g.  creatine,  glucose. 


X—  p  +  h2o  ^  xh  +  h3po4 


Neglecting  other  changes  (e.g.  ionisation),  the  reaction  can  be  regarded 
as  comprising  fission  of  two  covalent  bonds,  one  in  the  phosphate  and 
one  in  water,  and  the  formation  of  two  new  bonds,  one  in  phosphoric 
acid  and  the  other  in  the  dephosphorylated  compound.  The  energy 
between  the  breaking  and  formation  of  these  bonds  deter- 


be  classified  into  two  ranges  ot  2-5  k 
Relative  to  their  unphosphorylated 
may  therefore  be  divided  into  energy- 
and,  since  the  differences  in  energy 


between  these  two  groups  letei 
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only  to  the  replacement  of  the  phosphate  radical,  organic  phosphates 
may  be  considered  to  possess  low-energy  or  high-energy  phosphate 
bonds,  denoted  by  Lipmann  (1941)  as  X-  P  and  X~P,  respectively. 

The  use  of  the  terms  ‘high-’  and  ‘low-energy’  in  connection  with 
phosphate  bonds  has  been  criticised  on  the  grounds  that  the  energy  is 
not  localised  in  the  covalent  bond,  and  indeed  a  large  part  of  the 
‘high  energy’  of  certain  bonds  is  a  consequence  of  resonance,  which 
affects  the  whole  molecule,  and  of  ionisation,  which  affects  O-H 
bonds.  As  only  the  free  energy  difference  between  the  phosphorylated 
and  unphosphorylated  molecules  is  considered  in  equilibrium  theory, 
the  mechanisms  of  reaction  and  the  distribution  of  energy  within  the 
molecule  are  irrelevant.  The  use  of  the  terms  ‘high-’  and  ‘low-energy 
compounds ,  however,  avoids  the  implication  of  localised  energy  and 
may  thus  be  considered  preferable.  Whatever  the  nomenclature 
preferred,  the  concept  proposed  by  Lipmann  has  been  of  great  value 
in  biochemistry.  Its  distinctive  feature  is  the  recognition  of  an  organic 
phosphate  in  equilibrium  with  its  hydrolysis  products  as  a  natural 
state  of  minimum  free  energy:  an  organic  phosphate  present  in  a 
concentration  greater  than  that  of  the  equilibrium  state  represents  a 
store  of  free  energy.  If  the  organic  phosphate  is  spontaneously  hydro¬ 
lysed,  the  free  energy  is  dissipated,  but  in  the  presence  of  suitable 
‘coupling’  mechanisms,  the  hydrolysis  products  may  be  formed 
indirectly  by  a  series  of  reactions  with  small  free  energy  changes,  the 
free  energy  being  made  available  to  the  organism  for  the  performance 
of  work  (p.  286). 

The  concept  of  hydrolytic  equilibrium  as  a  state  of  zero  energy  has 
been  developed  formally  by  Dixon  (1949),  who  suggests  that  it  would 
be  useful  to  define  an  rP  scale,  analogous  to  the  pH  and  rH  scales, 
in  which  the  rP  value  of  a  solution  is  defined  as 


rP  =  —  log  [P] 


where  [P]  is  the  molar  concentration  of  phosphate  ions  in  equilibrium 
with  an  organic  compound  and  its  phosphate  derivative  in  a  dilute 
aqueous  solution.  It  can  be  thought  of  as  measuring  the  ‘phosphate 
pressure’  or  the  tendency  of  a  phosphate  group  to  be  liberated  by 
hydrolysis.  This  tendency  is  high  for  an  energy-rich  compound.  Dixon 
writes  the  hydrolysis  of  a  phosphate  as 

XP^X  +  P 

giving  an  expression  for  the  equilibrium  constant 


K 


[P] 


[X] 

[XP] 
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and,  in  logarithmic  form, 

rP  =  P*-'°SW 

The  dismutation  of  water  to  form  acceptors  (H  and  OH)  for  the 
organic  and  phosphate  radicals  is  neglected,  just  as  in  the  treatment  of 
acid  dissociation  it  is  common  to  neglect  autoprotolysis  and  the  role 
of  water  as  a  proton  acceptor.  In  both  cases  it  is  possible  to  neglect 
the  role  of  the  solvent  without  vitiating  the  theoretical  treatment, 
since  in  dilute  solution  the  activity  of  the  solvent  is  virtually  constant 
and,  by  convention,  unity. 

For  consistency,  the  term  ipK  may  be  replaced  by  r0P,  i.e.  the  rP 
value  at  standard  concentrations  of  reactants,  giving 

r P  =  r „P  -  log  t^j-1  (72) 


The  plot  of  rP  and  the  percentage  phosphorylation  gives  a  sigmoid 
graph  of  the  same  type  as  that  obtained  by  plotting  rH  and  the  per¬ 
centage  oxidation  or  pH  and  percentage  dissociation.  There  is  a  linear 
relationship  between  rP  values  and  the  logarithms  of  the  ratios  of  the 
concentrations  of  phosphorylated  and  unphosphorylated  forms. 
The  rules  for  using  the  rP  scale  are  very  similar  to  those  for  using  the 
rH  scale  and  there  is  the  same  simple  relation  between  rP  and  AG. 
In  general,  rP  values  vary  with  pH,  for  both  organic  and  inorganic 
phosphates  can  ionise  and  the  parent  organic  compound  may  also  do 
so.  The  total  inorganic  phosphate  may  exist  in  three  forms 


[Pt]  =  [P]  +  [P 1  +  [P2 1 


where  Pt  is  the  total  inorganic  phosphate  in  all  forms.  The  concentration 
of  the  fourth  possible  form  (P3“)  is  negligible  at  pH  values  below  12. 
If  K„  and  K2  are  the  two  ionisation  constants 

/  Kj  ,  K,KA 
tp»]  =  Y  +  [H+]  +  [H+]2/ 


Similarly  for  the  organic  phosphate  (XP),  where  K,  and  K2  are  the 
ionisation  constants, 


[(X/*),]  =  [XP]  +  [XP]  +  [XP2-] 


k;  K\Kj\ 
h  [H4]  [H+]7 
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and  for  free  organic  compound  (X),  where  K"  is  the  ionisation  constant, 

[Xt]  =  [X]  +  [XI 

=  [X] 


1 

Substituting  in  equation  (72) 

™  -  log  ( 


K" 


[H+]y 


r P  =  rP0  -  log 


log( 


[Xt] 

[H+]  '  [H+] 


+ 


Kj  KXK, 


+ 


ijQ\ 

HI2/ 


[HI 

log  ( 1  + 


[Hi2 

K 


[Hi 


y 


(73) 


This  is  similar  in  form  to  equation  (71)  for  rH,  with  an  extra  term  to 
allow  for  the  ionisation  of  inorganic  phosphate. 

The  free  energy  of  ionisation  may  form  a  considerable  fraction  of 
the  energy  of  hydrolysis,  so  that  the  value  of  r P  of  most  use  as  a  guide 
to  the  biological  properties  of  organic  phosphates  is  not  r0P,  relating 
to  standard  conditions,  (concentrations  of  X  and  XP,  1  m  :  pH  0), 
but  r'P,  defined  as  the  value  of  rP  for  specific  conditions,  chosen  to 
approximate  to  conditions  in  vivo  (e.g.  concentrations  of  X  and  XP 
0-01  m;  pH  7).  Equation  (72)  now  becomes 

>og^  (74) 


rP  =  r'P 


[X] 


For  ATP,  r0P  =  1-5  and  r'P  =  —8-2.  Values  of  r'P  for  a  number 
of  compounds  are  given  in  Table  14. 

It  should  be  noted  that  the  standard  states  chosen  by  convention 

table  14 

Values  of  r'P  for  certain  compounds  at  25°  and  pH  7  0 
(Concentrations  of  other  solutes  are  0  0 1  m) 


HIGH-ENERGY  ORGANIC  PHOSPHATES 

r'P 

e/io/pyruvate  2-phosphate 

—  1 1  8 

glyceroyl  phosphate  3-phosphate- 

—  116 

creatine  phosphate 

-11-2* 

acetyl  phosphate 

-101* 

adenosine  triphosphate 

-  8-2 

LOW-ENERGY  ORGANIC  PHOSPHATES 

glucose  1 -phosphate 

-  5-3 

fructose  1: 6-diphosphate 

-  51 

glucose  6-phosphate 

-  41 

fructose  6-phosphate 

-  3-6 

glycerol  1 -phosphate 

-  3-9 

*  These  values  relate  to  pH  7-5. 

TteTalM0f  rPpafnrCaICKf d  fr°m  AC*  Values  Siven  in  Chapter  8  (p.  254) 
value  of  r  P  for  a  substance  tn  equilibrium  with  phosphate  in  vivo  is  [bout 
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tor  reactions  in  dilute  solution  are  not  symmetrical  if  the  solvent  is  a 
reactant.  Thus  in  the  hydrolysis  of  organic  phosphates  the  standard 
state  for  inorganic  phosphate  is  one  molal,  while  that  for  water  is  pure 
water,  i.e.  about  55-5  molal.  Consequently,  when  the  chemical  potentials 
of  an  organic  compound  and  its  phosphate  are  equal,  at  the  same 
concentration,  the  r P  value  will  be  that  for  a  solution  of  inorganic 
phosphate  of  concentration  approximately  55-5  molal,  i.e.  r P  —  —1-7. 
This  effect  is  found  for  hydrolysis  in  aqueous  solution  in  general  and 
results  in  values  for  the  standard  free  energy  of  hydrolysis  which  are 
about  2-5  kcal./mole  greater  than  might  be  expected  from  consideration 
of  the  nature  of  the  bonds  broken  and  formed. 

Although  the  r P  scale  is  formally  equivalent  to  the  pH  scale,  there 
is  an  important  difference  between  them.  Acids  in  aqueous  solution 
may  be  considered  to  be  in  protolytic  equilibrium  with  the  solvent  and 
with  each  other,  so  that  the  pH  value  determines  the  actual  proportions 
of  acids  and  bases  present:  organic  phosphate  compounds  in  the 
organism  are  not  in  hydrolytic  equilibrium  and  the  rP  value  of  a 
system  does  not  give  information  about  the  proportion  of  phosphoryl- 
ated  and  unphosphorylated  forms  actually  present.  The  concentration 
of  inorganic  phosphate  is  of  the  order  of  0  01  M,  so  that  an  appreciable 
proportion  of  the  phosphorylated  form  of  a  compound  could  exist  in 
equilibrium  only  in  a  system  with  an  rP  value  close  to  +2.  From 
Table  14  it  can  be  seen  that  the  r'P  values  even  for  low-energy  com¬ 
pounds  represent  unattainably  high  concentrations  of  inorganic 
phosphate.  The  r P  value  of  a  system  may  be  regarded  as  measuring  a 
potential  and  is  a  measure  of  the  "distance’  of  the  system  fiom  equi¬ 
librium,  i.e.  of  the  free  energy. 

Equilibria  of  great  importance  in  metabolism  occur  in  transphos¬ 
phorylation  reactions.  For  instance,  in  the  Lohmann  reaction  creatine 
(Cr),  ADP  and  their  phosphorylated  derivatives  are  concerned,  viz. 

CrP  +  ADP  ^  Cr  +  ATP  (75) 


Neither  water  nor  inorganic  phosphate  participates  i"  the  reaction. 
The  rP  values  of  the  creatine-creatine  phosphate  and  ADP  A 
systems  are  still  of  theoretical  significance,  however,  for  the  difference 
in  r'P  values  for  these  systems  determines  the  direction  of  the  tram- 
ference  reaction.  The  equilibrium  state  of  the  above  reaction  syste 
contSns^high  proportion  of  ATP  and  a  low  proportion  of  creatine 
phosphate  for  the  difference  between  their  r  P  values  is  3  0.  T  is 

L,r.rrr  -  * 
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muscular  activity,  until  this  function  can  be  assumed  by  the  more 

slowly  mobilised  oxidative  reactions. 

The  relation  of  r P  values  to  transphosphorylation  can  be  seen  by 
formulating  equation  (74)  for  creatine  phosphate  (CrP)  and  for  ATP, 


giving 


r  PCl 


=  r 'PCr  -  log 


[Cr  P] 
[Cr] 


(76) 


and 


rPA  =  r ,pA  ~  log 


[ATP] 
[A  DP] 


(77) 


If  the  equilibrium  concentration  of  inorganic  phosphate  is  the  same 
for  the  system  CrP/Cr  as  for  the  system  ATP/ADP,  then  the  two  systems 
will  be  in  equilibrium,  i.e.  the  transphosphorylation  reaction  will  be  at 
equilibrium.  Equating  r PCr  and  r P A  in  equations  (76)  and  (77)  and 
rearranging 


r  P 


Cr 


[CrP][ADP] 
[Cr]  [ATP] 


-3-0 


(78) 


Thus  at  equilibrium  the  concentrations  of  creatine  phosphate  and 
ADP  are  relatively  small  and  those  of  creatine  and  ATP  relatively 
large:  the  equilibrium  position  is  well  to  the  right  in  equation  (75). 
It  should  be  noted  that  equation  (78)  gives  only  the  ratio  of  concen¬ 
trations  and  contains  no  reference  to  the  concentration  of  phosphate 
ion  actually  present.  Although  equation  (75)  may  be  written  as  the 
sum  of  two  hydrolytic  reactions,  thus, 


CrP  +  HoO  ^  Cr  +  P 
P  +  ADP  ^  HaO  +  ATP 


(79) 

(80) 


CrP  +  ADP  ^  Cr  +  ATP 

transphosphorylation  achieved  by  coupling  these  two  hydrolytic 
r“s  would  result  in  very  low  absolute  concentrations  of  organic 
phosphates,  even  though  the  ratio  given  by  equation  (78)  would  still 
Z,  ;•  “  ™  thei?fore  not  correct  to  regard  transphosphorylation 
^  synthesis  of  one  organic  phosphate  (equation  80) 
i,  ^ergy  of  hydrolysis  of  another  (equation  79). 
,chemieal  reactions  are  connected  (coupled)  by  sharina 
reactants  each  reaction  must  proceed  with  a  decrease  in  free  enerey8 
i.e.  towards  equilibrium. 
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CHAPTER  5 


THE  RATE  OF  REACTION 

Since  the  collision  of  two  molecules  is  an  essential  condition  for  their 
reaction  and  collision  frequency  is  proportional  to  concentration 
(p.  55),  the  rate  of  a  single  reaction  is  proportional  to  the  concen¬ 
trations  of  the  reactants.  For  the  reaction 

2A  +  B  ->  C 

the  rate  equations  may  be  written  as 

v  =  dc/dt  =  —Ida/dt  =  —db/dt  =  ka2b 

where  v  is  the  reaction  rate,  a,  b  and  c  the  concentrations  of  A,  B  and 
C,  respectively,  and  k  the  specific  rate  constant.  The  reaction  is  said 
to  be  of  the  first  order  with  respect  to  B  and  of  the  second  order  with 
respect  to  A.  It  is  of  the  third  order  with  respect  to  both  the  reactants. 
The  dependence  of  reaction  rate  on  concentration  (‘active  mass’)  was 
first  enunciated  by  Guldberg  and  Waage  in  1867  in  the  law  of  mass 
action.  The  nature  of  this  dependence  may  be  determined  by  following 
the  ‘time  course’  of  the  reaction,  i.e.  the  changes  in  concentration  of 
reactants  and  products  with  time,  or  by  determining  the  rate  of  a 
reaction  for  various  initial  concentrations  of  reactants,  measured  over 
a  sufficiently  short  time  for  these  concentrations  to  be  taken  as 
constant,  (i.e.  ‘initial  rates’).  From  such  results  the  order  of  reaction, 
which  may  be  defined  as  the  sum  of  the  powers  of  the  concentration 
terms  in  the  appropriate  rate  equation,  may  be  deduced. 

The  simplest  reaction  is  of  the  first  order,  the  rate  of  which  is 
proportional  to  the  concentration  of  only  one  substance.  The  rate 
equation  may  be  written 

— dajdt  —  kjd 

where  a  is  the  concentration  of  the  reactant  and  k:  the  specific  rate 
constant.  The  dimensions  of  kj  are  those  of  a  frequency,  since,  from 
the  above  equation,  concentration! time  =  k1  x  concentration.  The 
value  of  kj  will  therefore  depend  only  on  units  of  time:  rate  constants 

other  than  those  of  first  order  reactions  depend  also  on  concentration 
units. 

An  example  of  a  second  order  reaction  is  the  bimolecular  hydrolysis 
of  an  ester  by  the  hydroxyl  ion  (p.  146):  the  rate  equation  is 

~  dajdt  =  k2ab 
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where  a  is  the  concentration  of  ester  and  b  of  hydroxyl  ion.  The  dimen¬ 
sions  of  Jc2  are  sec.-1  (moles/litre)-1,  i.e.  M"1  sec.-1.  This  reaction  is 
first  order  with  respect  to  the  ester  and  to  the  hydroxyl  ion.  Second 
order  reactions  are  by  far  the  most  common  type. 

For  moie  complex  reactions  and  for  those  occurring  in  heterogeneous 
systems  the  relation  of  the  rate  of  the  overall  reaction  to  the  concen¬ 
trations  of  reactants  may  be  complex,  but  the  law  of  mass  action  applies 
to  each  of  the  individual  steps,  the  complexity  being  a  result  of  a  number 
of  such  simple  processes.  One  of  the  problems  of  chemical  kinetics 
is  the  elucidation  of  the  component  reactions  which  make  up  an  overall 
reaction  (cf.  Chapter  6,  p.  1 59). 


THE  ACTIVE  COMPLEX  AND  THE  TRANSITION  STATE 

The  rate  constant  is  a  function  of  temperature  and  of  pressure.  The 
variation  of  the  rate  constant  of  a  reaction  with  temperature  may  be 
described  to  a  close  approximation  by  the  equation 

k  —  PZe~Ea'llRT  (81) 


where  P  is  an  empirical  factor,  Z  the  collision  number  and  Eact  the 
experimental  energy  of  activation  (cf.  p.  56).  It  was  on  the  basis  of 
such  an  equation  that  Arrhenius  first  suggested  that  only  activated 
molecules,  possessing  an  amount  of  energy  greater  than  a  certain 
critical  amount,  can  react  on  collision.  This  view  is  now  generally 
accepted.  The  above  equation  is  a  modification  of  that  put  forward 
by  Arrhenius,  but  is  often  referred  to  as  the  Arrhenius  equation 
(cf.  p.  56). 

The  differential  form  of  the  Arrhenius  equation  permits  the  evalua¬ 
tion  of  Eact  from  values  of  k  determined  at  various  temperatures. 
Equation  (81)  in  logarithmic  form  is 

In  k  =  In  PZ  -  Eact/RT 

and  on  differentiation  with  respect  to  \/T,  assuming  that  PZ  remains 


constant, 


d  In  k 


-'act 


(82) 


d(\/T)  R 

—E  ,IR  is  therefore  given  by  the  slope  of  the  straight  line  obtained 
by  plotting  In  k  against  1  IT,  and,  as  the  value  of  R  is  known  that  of 
Elcr can  be  calculated  (Fig.  29).  If  the  value  of  Eact  is  known,  the  value 
of  the  rate  constant  at  one  temperature  can  be  deduced  from  that  at 
another.  The  equation  used  can  be  derived  from  equation  (8_): 

In  ki  —  In  k2  =  (EacJR)[{  \/T2)  —  (1/T;)] 


In  (kjk2)  =  ( E.JRW \  -  T2MT{T2\ 
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For  the  special  case  where  the  temperature  difference  is  l°°c;  sub¬ 
stituting  the  value  of  R  in  calories  and  using  decadtc  logarithms, 

log  fk,jk2)  =  2-18£'„,/7',7’2 

Since  ordinary  temperatures  are  near  to  300°K,  it  may  be  calculated 
that  for  reactions  to  vary  in  rate  by  a  factor  of  2  or  3  over  a  temperature 


Fig.  29  Mutarotation  of  glucose:  temperature  variation  of  k  (drawn  from  data 

of  Moelwyn-Hughes  (1947)) 


difference  of  10°C,  their  energy  of  activation  must  be  of  the  order  of 
10-20  kcal./mole.  This  is  commonly  found  for  biological  reactions. 
The  factor  by  which  rate  constants  differ,  for  a  temperature  interval 
of  10CC,  is  termed  Q,0  (the  ‘temperature  coefficient’),  so  that 

QlO  —  ^T+lolkj’  (84) 

The  temperature  variation  of  a  reaction  rate  is  often  given  in  biological 
contexts  as  Q10,  rather  than  as  a  value  of  Eaet.  From  equations  (83) 
and  (84)  it  can  be  seen  that  if  Eact  is  constant,  Q10  varies  with  tempera¬ 
ture,  though  not  greatly  over  the  temperature  range  which  is  of  bio- 
logical  interest.  A  statement  of  a  value  for  Qjo  should  for  precision 
be  accompanied  by  a  statement  of  the  relevant  temperature  ran°;e. 

The  distribution  of  energy  among  molecules  has  already  been  dis¬ 
cussed  (p.  48).  The  term  Z  in  equation  (81)  expresses  the  condition 
that  the  molecules  must  collide  before  reaction  can  occur.  Z  is  a 
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function  of  temperature,  but  varies  relatively  little  over  a  small 
temperature  range.  The  empirical  factor  P  is  a  measure  of  the  proba¬ 
bility  of  reaction  occurring  when  two  energised  molecules  collide. 
It  is  approximately  unity  for  some  reactions,  e.g.  that  between  an  ion 
and  a  molecule  in  solution,  but  in  other  cases  may  be  larger  or  much 
smaller. 

The  rate  constant  is  a  function  also  of  pressure,  but  this  is  not 
explicitly  allowed  for  in  the  Arrhenius  equation. 

Many  attempts  have  been  made  to  derive  an  equation  expressing 
reaction  rate  in  terms  of  fundamental  atomic  or  molecular  parameters. 
The  rate  of  reaction  could  then  be  predicted  from  the  properties  of 
reactants  without  the  necessity  of  making  kinetic  measurements. 
The  most  recent  theory  is  that  of  ‘absolute  reaction  rates’  (Eyring, 
1935)  which  has  achieved  some  success  in  calculating  rates  of  simple 
chemical  reactions,  but  is  still  not  capable  of  yielding  satisfactory 
results  for  more  complex  reactions  such  as  those  occurring  in  biochemical 
systems.  The  principal  advantage  of  this  theory  is  that  the  reaction 
rate  is  related  to  equilibrium  conditions.  Whenever  this  can  be  achieved 
a  simple  general  mathematical  treatment  is  possible,  as  exemplified  in 
the  derivation  of  equilibrium  thermodynamics  discussed  in  Chapter 
3  (p.  57).  The  equilibria  which  are  considered  are  not,  however, 
between  the  initial  reactants  and  final  products  of  the  system,  but 
between  these  stable  species  and  intermediate  complexes. 

So  far  in  this  account  the  reaction  process  has  been  regarded  as  a 
collision  between  energised  molecules,  resulting  in  a  rearrangement 
of  the  atoms.  Since  molecules  are  stable,  arrangements  of  atoms 
intermediate  between  those  of  the  molecules  of  initial  reactants  and 
of  the  reaction  products  have  a  higher  potential  energy  than  the 
molecules  themselves.  It  is  now  customary  to  regard  the  intermediate 
form  of  highest  energy  as  a  definite  complex,  called  the  ‘activated 
complex’.  This  is  unstable  in  that  it  will  break  down  into  molecules  of 
the  initial  reactants  or  those  of  the  final  products,  but  apart  from  this 
it  is  stable,  since  in  order  to  form  molecules  other  than  those  of 
reactants  or  products  it  must  acquire  still  more  energy.  It  is  therefore 
supposed  that  except  for  its  propensity  to  form  reactants  or  products 
it  may  be  treated  as  a  normal  molecule.  The  constituent  atoms  and 
radicals  vibrate  and  rotate,  just  as  do  those  of  an  ordinary  molecule, 
but  one  particular  mode  of  vibration  disintegrates  it.  It  can  undergo 
other  reactions  only  by  forming  new  activated  complexes. 

The  theory  of  absolute  reaction  rates  considers  the  potential  energy 
of  the  system  of  interacting  molecules,  this  being  a  function  of  their 
distance  apart.  The  potential  energy-  changes  which  occur  during  a 
simple  reaction  are  shown  in  Fig.  30,  and  those  during  a  more  complex 
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reaction  in  Fig.  56  (p.  248).  Among  the  configurations  which  might  be 
assumed  by  groups  of  atoms  passing  from  those  of  the  initial  reactant 
molecules  to  those  of  the  product  is  one  which  possesses  just  enough 
energy  to  allow  the  transition.  This  configuration  is  identical  with 
that  "referred  to  in  the  above  paragraph  as  the  activated  complex. 


Fig.  30  Energy  (£)  changes  during  the  course  of  a  simple  chemical  reaction. 
I:  separated  initial  reactant  molecules,  II:  activated  complex,  III:  separated 

product  molecules 


The  system  comprising  such  activated  complexes  is  said  to  be  in  a 
transition  state.  When  the  activated  complex  is  derived  from  a  single 
molecule  the  reaction  is  said  to  be  unimolecular,  when  formed  from 
two  molecules  bimolecular,  and  so  on. 

Activated  complexes  are  supposed  to  be  in  equilibrium  with  the 
corresponding  reactants  and  to  break  down  at  a  definite  rate  to  give 
the  reaction  products.  It  will  be  evident  that  they  cannot  be  in  complete 
equilibrium  or  no  net  change  would  occur,  but  it  has  been  shown  that 
the  error  arising  from  the  use  of  this  approximation  is  small,  its 
maximum  magnitude  being  of  the  order  of  15%.  In  the  development 
ot  the  theory  of  absolute  reaction  rates  it  is  shown  that  the  rate  of 
breakdown  of  the  complex  to  products  is  given  by  kTIh  per  mole 
where  k  is  the  Boltzmann  constant  and  h  the  Planck  constant.  The 
equation  for  the  rate  constant  may  be  written 

k  =  {kT/h)  K* 


(85) 


142 


THE  RATE  OF  REACTION 


where  Kx  is  the  equilibrium  constant  for  the  transition  from  the 
initial  reactants  to  the  activated  complex. 

The  results  of  attempts  which  have  been  made  to  calculate  the  rate 
of  simple  reactions  on  the  basis  of  this  theory  are  qualitatively  and 
sometimes  quantitatively  in  accord  with  the  theory,  but  biochemical 
reactions  are  in  general  too  complex  for  there  to  be  much  hope  of 
success.  In  biochemistry  the  equation  is  most  usefully  applied  in 
reverse:  if  the  value  of  the  rate  constant  is  known,  the  equilibrium 
constant  of  the  transition  state  can  be  calculated.  This  information  is 
of  value  in  elucidating  the  mechanism  of  a  reaction,  since,  as  with 
ordinary  thermodynamic  constants  of  reaction,  the  equilibrium  constant 
of  the  transition  state  may  be  written  in  terms  of  the  free  energy, 
heat,  entropy,  volume  and  internal  energy.  To  distinguish  these 
constants  from  the  thermodynamic  constants  of  reaction,  they  are 
called  free  energy,  heat,  entropy,  etc.,  of  activation  and  the  corre¬ 
sponding  symbols  are  written  with  the  superscript  The  thermody¬ 
namic  equations  for  activation  are  of  the  same  form  as  those  for 
reaction  (pp.  67,  68,  85),  i.e. 

-RTXnK*  =  AG1  (86) 

=  A Hx  -  TASX  (87) 

=  AEX  +  pAVx  -  TAS*  (88) 


Substituting  the  values  of  Kl  from  equations  (86),  (87)  and  (88),  into 


equation  (85) 


k  =  {kTjh)Q-AGtlRT 


=  {kTlh)e-AH%IRTzAS%IR  (89) 

_  ^kTl^Q-AEtIRTQ-p^ViIRTeASiIR  (90) 


The  equations  may  also  be  written  in  logarithmic  form:  e.g.  equation 
(89)  becomes 

k  AH*  ,  AS* 

In  k  =  In  -  +  In  T  —  ^  t  ^ 


The  equation  chosen  for  use  in  any  particular  instance  dePends  * 
conditions  under  which  reactions  are  being  studied.  For  constant 
nressure  AGS  A Hi  and  A S:  would  be  chosen  as  constants  of  acti¬ 
vation  It  should  be  noted  that  although  thermodynamic  conventions 
Te  observed  ihe  constants  are  actually  derived  from  kinetic  data 
,  l  from  m  e  constants)  and  are  not,  strictly  speaking  thermody¬ 
namic  constants  they  are  sometimes  referred  to  as  ‘pseudo, hermody- 
namic’  constants. 
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The  quantity  A//:  may  be  evaluated  by  observing  the  variation  of 
the  rate  constant  with  temperature,  plotting  -R Mni k  against  I  /  , 
the  slope  of  the  straight  line  obtained  being  A H-  +  RT.  from 
equation  (85) 

\nk  =  \nKi  +  In  (kT/h) 

so  that 

_/?  d  ln^L  =  -r  d  ln  —  +  RT  (91) 

*d(i/r)  d(i/r)  ^ 

Evaluating  R  d  (ln  £*)/d(l/r)  as  in  equation  (39)  (p.  86)  and  sub¬ 
stituting  into  equation  (91), 

d  In  k  .  (92) 


R 


d(l  IT) 


=  A//;  +  RT 


The  thermodynamic  constants  of  activation  are  related  to  those  of 
reaction  as  follows,  e.g.  for  enthalpy, 

NHj  =  A H}  -  A//ii 


where  the  subscripts  1  and  —  1  refer  to  forward  and  reverse  reactions, 
respectively. 

The  relationships  between  the  terms  of  the  Arrhenius  and  transition 
state  equations  ((81)  and  (89),  respectively)  may  be  found  by  dif¬ 
ferentiating  the  logarithmic  forms  of  the  equations  with  respect  to 
1/T  (equations  (82)  and  (92)),  giving 


R  d  In  k 
d(l  IT) 


-  Eact  =  A H*  +  RT 


The  value  of  RT  is  approximately  0-6  kcal.,  which  is  small  compared 
with  the  common  values  of  A H%  which  range  from  5  to  30  kcal./mole. 
By  substituting  (A H%  +  RT)  for  Eaci  in  equation  (81)  and  comparing 
with  equation  (89),  we  obtain 

PZ  =  (kT/h)Q^silR)+1 


As  the  Arrhenius  equation  does  not  contain  a  pressure  term  it  can  be 
compared  only  with  equations  involving  A H*  and  AST 
The  equations  of  the  theory  of  absolute  reaction  rates,  unlike  the 
Arrhenius  equation,  provide  a  means  of  expressing  the  variation  of 
reaction  rate  with  pressure.  From  the  logarithmic  form  of  equation 
(90),  i.e. 


infc-m 

h  RT  RT 


AS* 

R 


(93) 


it  can  be  seen  that  the  effect  of  pressure  on  the  reaction  rate  will  be 
determined  by  AFT  the  change  in  volume  occurring  on  activation. 
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AK+  can  be  evaluated  by  plotting  In  k  against p  (under  conditions  of 
constant  temperature)  and  measuring  the  slope  of  the  resulting  line, 
since  differentiation  of  equation  (90)  with  respect  to  p  gives 


d  In  k\  AF* 

dp  It  RT 


(94) 


Values  of  AF  and  AF*  are  available  for  relatively  few  reactions  and 
in  general  have  not  been  used  for  the  investigation  of  reaction  mecha¬ 
nisms.  They  have,  however,  been  determined  for  the  denaturation  of  a 
number  of  proteins  and  the  results  are  of  considerable  interest  in 
connection  with  the  mechanisms  of  denaturation  and  of  enzyme 
action  (cf.  pp.  1 54,  249). 

Expression  of  kinetic  data  in  terms  of  the  constants  of  activation  is 
convenient  in  biochemistry,  for  it  leads  to  a  uniform  notation  which 
may  reveal  the  significance  of  kinetic  and  thermodynamic  data  more 
readily  than  would  a  mixture  of  thermodynamic  functions  and  Arrhenius 
constants,  and  also  allows  observations  involving  pressure  variations 
to  be  presented  in  a  manner  consistent  with  that  used  for  the  description 
of  other  investigations.  It  is  sometimes  convenient,  however,  to  use 
the  Arrhenius  equation.  The  use  of  these  two  types  of  symbols  does 
not  cause  confusion  if  it  is  remembered  that  the  notation  is  simply 
a  convention. 


MOLECULAR  STRUCTURE  AND  REACTION  RATE 

Although  it  is  difficult  to  calculate  the  absolute  rate  of  reaction  from 
first  principles,  the  variation  of  rate  with  structure,  for  series  of  related 

molecules,  is  well  understood.  .  ,  , 

Modification  of  the  parent  compound  of  a  series,  for  example  by  the 
introduction  of  nuclear  substituents  into  a  benzene  derivative,  may 

affect  the  rate  of  reaction  by  steric  or  electronic  effects 

The  rate  of  reaction  is  reduced  by  the  presence  of  a  substituent 
which  tends  to  prevent  the  approach  of  an  attacking  species  by  masking 
the  centre  of  reaction  and  is  increased  when  the  reactive ;  bond  is 
weakened  by  distortion.  The  shape  of  a  molecule  also  affects  its 
capacity  to  form  complexes,  e.g.  by  hydrogen  bridges  and  by  chelation 
withmeta.  tons.  Th/shape  ofthe  substrate  is  of great  impor  ance 
enzvmic  reactions  in  which  enzyme  and  substrate  fit  toget 
•lock  and  key’  A  slight  modification  of  the  shape  of  a  substrate  may 

rs^sr-“ 
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neighbouring  atom,  which  in  turn  has  an  influence  on  its  neighbour, 
the°effect  dyfng  out  as  the  distance  from  the  initiating  atom  increases 
This  is  termed  the  inductive  effect.  It  can  be  transmitted  along  a 
saturated  chain  but  dies  away  within  a  few  atoms  distance.  T  e 
normal  valence  bonds  remain  intact  but  there  is  a  slight  shift  m  elec*r0^ 
density  so  that  polarisation  occurs.  Groups  may  be  classified  according 
to  their  inductive  effects  (denoted  by  I)  into  electron-attracting, 
electrophilic  or  anionoid  (-1)  and  electron-repelling,  electrophobic  or 
cationoid  (+1).  Examples  are  methyl,  which  is  +1  and  chloro,  mtro 


and  methoxy,  which  are  —I.  .  ,  ,  ,  , 

In  conjugated  molecules,  which  possess  alternate  single  and  double 
bonds,  the  it  electrons  form  a  non-localised  bond  which  can  readily 
propagate  disturbances  in  electron  density.  A  substituent  which  can 
share  in  such  a  non-localised  bond  will  therefore  affect  the  whole  of 
the  conjugated  structure.  This  is  termed  the  mesomeric  effect,  denoted 
by  E.  Substituents  are  classified  as  +E  or  — E,  as  with  the  inductive 
effect. 

In  addition  to  these  effects  which  operate  in  a  molecule  in  its  ground 
state  and  therefore  influence  not  only  reaction  rates  but  also  equilibria, 
e.g.  acid  dissociation  constants,  it  is  necessary  to  postulate  time- 
variable  effects  operating  through  the  same  mechanisms,  but  only  in 
excited  states,  or  as  it  is  sometimes  expressed,  ‘at  the  demand  of  a 
reagent’.  This  additional  postulate  is  most  needed  in  connection  with 
the  mesomeric  effect  and  here  it  is  easy  to  visualise  possible  resonance 
forms  in  an  excited  state  such  as  the  transition  state.  The  time-variable 
effects  have  been  called  the  electromeric  and  inductomeric  effects, 
corresponding  to  the  mesomeric  and  inductive  effects,  respectively. 

The  reactions  which  have  been  most  studied  from  the  point  of  view 
of  the  effect  of  structure  upon  reaction  rate  are  substitution  reactions. 
The  term  ‘substitution’  will  be  used  to  mean  the  replacement  of  any 
radical  by  any  other. 

Reactions  may  be  divided  into  two  classes.  For  the  first  class  the 
rate-controlling  step,  the  ‘slow’  step,  is  the  dissociation  of  an  atom  or 
group  which  is  followed  by  the  addition  of  some  other  group.  For 
the  unimolecular  hydrolysis  of  tert- butyl  chloride  this  reaction  is 


(CH3)3-OCl  ^  (CH3)3‘C+  +  Cl-  SPH^  (ch3)3OOH  +  H+  +  Cl~ 

The  alkyl  ion  is  unstable  and  is  likely  to  react  with  almost  any  attacking 
reagent,  so  that  it  is  unlikely  that  the  nature  of  such  a  reagent  will 
play  much  part  in  determining  the  overall  reaction  rate.  This  is  generally 
true  of  this  class  of  reaction.  The  reaction  rate  is  controlled  by  the 
structuie  oi  the  dissociating  molecule  and,  as  substitution  either 
facilitates  oi  retards  dissociation,  so  the  rate  will  be  faster  or  slower 
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than  for  the  parent  compound.  It  will  be  readily  appreciated  that  in 
the  above  example  the  chloride  ion,  with  its  full  complement  of  electrons, 
will  be  most  easily  formed  if  the  electron  density  in  the  region  of  the 
molecule  where  the  chlorine  atom  is  situated  is  high.  In  the  case  of  the 
aromatic  nucleus,  for  example,  substituted  halogen  atoms  are  tightly 
bound  and  dissociation  does  not  occur.  In  the  series  tert- butyl,  /50- 
propyl,  ethyl  and  methyl,  the  radicals  are  arranged  in  order  of  de¬ 
creasing  power  of  electron  repulsion:  it  is  found  that  for  the  /50propyl 
derivative  unimolecular  decomposition  is  much  slower  than  for  tert- 
butyl,  while  it  does  not  occur  to  any  appreciable  extent  for  ethyl  and 
methyl  chlorides.  Similarly  a  medium  of  high  ionising  power  (high 
dielectric  constant)  would  be  expected  to  increase  the  rate  of  the  reaction, 
and  it  is  actually  found  that  in  a  mixture  of  water  and  ethanol  it 
increases  as  the  water  content  is  raised. 

A  second  substitution  mechanism  is  bimolecular.  One  radical  tends 
to  dissociate  as  the  attacking  molecule  approaches  with  the  consequent 
formation  of  an  active  complex  of  the  two  molecules,  so  that  the  nature 
of  the  attacking  molecule  is  of  importance.  It  is  immaterial  which 
molecule  is  considered  as  the  attacking  molecule  so  that  when  two 
organic  molecules  react  the  nature  of  the  substituents  in  each  molecule 
may  affect  the  reaction  rate.  For  example,  in  the  alcoholysis  of  alkyl 
halides  which  occurs  by  a  bimolecular  mechanism  the  nature  of  both 
the  alkyl  group  and  the  alcohol  affect  the  reaction  rate.  For  the  sake 
of  simplicity  discussion  will  be  confined  here  to  relative  reaction  rates 
in  reactions  where  the  same  molecular  species  reacts  with  different 
organic  molecules. 

The  attacking  reagent  may  be  nucleophilic,  electrophilic  or  a  tree 
radical  A  nucleophilic  molecule  already  possesses  a  full  quota  of 
electrons  and  therefore  tends  to  react  at  a  point  where  there  is  a  low 
electron  density.  A  striking  example  of  the  operation  of  this  type  of 
reagent  is  provided  by  the  alkaline  hydrolysis  of  a  series  of  ethyl 
benzoates.  Here  the  hydroxyl  ion  is  the  attacking  species  and  the 
reaction  is  believed  to  occur  as  follows 


o 

o- 

O 

R — C — OC2H5 

^  R — C — OC2H  5  - 

>  R — C 

•  +  c2h5oh 

OH- 

OH 

O 

Tt  seems  likelv  that  water  molecules  also  play  a  part.  for  a  geneial 
discussion  of  the  mechanism  of  the  acid  and  alkaline  hydrolysis  of 
e  ers  amides  and  similar  compounds  the  reader  is  referred  to  a 
pap  r  by  Meloche  and  Laidler  (1951).  For  our  present  purpose  the 
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above  scheme  is  adequate.  In  ethyl  benzoates  the  group  R  is  a  sub¬ 
stituted  benzene  nucleus.  The  hypothesis  that  the  carbonyl  carbon 
atom  tends  to  be  positively  charged  is  supported  by  other  evidence 
eg  dipole  moments,  the  nature  of  addition  compounds  formed  y 
certain  carbonyl  compounds.  The  reaction  has  been  studied  for  p- 
amino-,  methyl-,  methoxy-,  nitro-  and  halogeno-ethyl  benzoates  as 
well  as  for  the  parent  compound.  A  plot  of  the  apparent  energy  ot 
activation  against  the  logarithm  of  the  velocity  constants  for  hydrolysis 
gives  a  straight  line  of  slope  2-3  RT.  From  the  equation 

k  =  pze~EaetlRT 


for  a  constant  value  of  P ,  Z  being  known  to  be  almost  constant, 

2-3  log  k  —  constant  —  EacJRT 

The  value  of  P  is  found  to  be  about  10-4,  that  is,  only  one  in  10,000 
collisions  between  sufficiently  energised  molecules  results  in  reaction. 
The  inference  is  that  the  electronic  displacements  due  to  substituents 
have  a  marked  effect  on  Eact,  but  little  on  P.  This  may  be  attributed 
to  the  fact  that  the  substituents  are  separated  from  the  reaction  centre 
by  the  benzene  ring,  for  such  constancy  of  values  was  not  found  for 
ortho  substituents.  Jenkins  (1939)  calculated  the  electrostatic  potential 
at  the  carbon  atom  to  which  the  ester  grouping  is  linked  and 
found  that  on  plotting  this  value  against  the  energy  of  activation 
(Fig.  31)  a  line  of  slope  approximately  equal  to  the  value  Ne  was 
obtained,  N  being  the  Avogadro  number  and  e  the  charge  on  an 
electron.  As  this  is  the  work  done  in  moving  a  mole  of  a  univalent 
negative  ion  (e.g.  OF!-)  through  one  unit  of  potential  difference, 
it  is  concluded  that  the  changes  in  the  energy  of  activation  are 
due  almost  entirely  to  changes  in  the  work  which  must  be  done  in 
bringing  the  hydroxyl  ion  to  the  centre  of  reaction.  The  sign  of  the  slope 
shows  that  the  electron-attracting  substituents  lower  the  energy  of 
activation  and  therefore  favour  an  attack  by  a  nucleophilic  reagent. 

The  introduction  of  substituents  into  the  meta  and  para  positions  of 
benzene  derivatives  leads  to  a  change  in  the  reaction  rate.  This  change 
is  found  to  be  characteristic  of  the  type  of  reaction  and  of  the  sub¬ 
stituent  involved.  The  results  obtained  have  been  found  to  fit  the 
equation  proposed  by  FTammett  (1937),  namely, 

log  (k/ko)  =  Po 

where  k  is  the  rate  constant  for  the  reaction  of  the  substituted  and 
k0  for  the  unsubstituted  benzene  derivative,  p  is  a  constant  for  a 
particular  type  of  reaction  and  a  a  constant  for  a  particular  substituent. 
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The  value  of  a  is  defined  as  unity  for  the  ionisation  of  benzoic  acid, 
i.e. 

log  (KIK0)  =  a 

where  K0  is  the  ionisation  constant  for  benzoic  acid  and  K  that  for  a 
mela-  or  ^^-substituted  benzoic  acid. 

P  has  been  evaluated  for  379  reactions  and  a  for  111  substituents, 
from  which  information  the  rate  of  some  42,000  reactions  can  be 
predicted,  at  least  to  a  first  approximation  (cf.  Jafie,  1953). 


Fig  3 1  Variation  of  Eact  for  alkaline  hydrolysis  with  the  electrostatic  potential  (y) 
at  the  nuclear  carbon  atom  to  which  the  ethoxycarbonyl  group  is  attached  in 
ethyl  benzoate  and  various  substituted  derivatives  (Jenkins,  1939) 

An  electrophilic  reagent  has  a  deficiency  of  electrons  and  tends  to 
react  at  a  point  where  the  electron  density  is  high.  The  common 
reagents  used  in  replacing  the  hydrogen  atoms  of  the  benzene  molecule 
by  other  radicals,  e.g.  NO./,  which  is  the  active  species  in  nitration 
with  nitric  acid,  are  electrophilic  reagents.  In  benzene  all  the  carbon 
atoms  are  identical,  but  in  mono-substituted  benzenes  this  is  no 
longer  so.  Some  substituents  lead  to  a  second  substituent  entering  in  a 
position  ortho  and  para  to  them,  while  others  lead  to  me, a  substitution 
In  general,  the  substituents  leading  to  ortho-para  substitution  activate 
the  nucleus,  i.e.  increase  the  electron  density,  while  those  leading  to 
meta  substitution  deactivate  it.  In  each  case  the  effect  of  a  substituent 
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is  most  marked  in  the  positions  ortho  and  pcira  to  the  first  substituent. 
Electrophilic  reagents  therefore  lead  to  substitution  of  mainly  those 
hydrogen  atoms  which  are  in  the  ortho  and  para  or  in  the  met  a  positions, 
depending  on  the  location  of  the  highest  electron  density. 

Considerable  success  has  been  achieved  in  calculating  the  relative 
rates  of  certain  reactions,  including  the  nitration  of  aromatic  com¬ 
pounds,  from  theoretical  considerations  of  molecular  structure. 
An  aromatic  molecule,  being  conjugated,  is  treated  as  a  perfect  con¬ 
ductor,  the  atoms  are  assumed  to  be  spherical  and  the  electron- 
attracting  or  repelling  power  of  the  radicals  is  calculated  from  dipole 
moment  data.  The  excess  or  deficiency  of  electrons  on  each  atom  may 
then  be  calculated  and  the  relative  reaction  rates  accounted  for  in  terms 
of  electron  distribution.  The  calculation  results  in  molecular  diagrams 
similar  to  those  illustrated  in  Chapter  1  (p.  19)  (Smith  et  ai,  1951; 
Smith  and  Eyring,  1952). 

Calculations  at  this  level  are  likely  to  be  of  some  interest  in  bio¬ 
chemistry,  for  calculation  from  first  principles  is  at  present  impossibly 
difficult.  Until  quantitative  description  of  molecules  is  possible, 
reactions  can  be  interpreted  in  only  a  qualitative  way  and  steric  and 
electronic  effects,  which  are  both  important  in  biochemical  reactions, 
cannot  readily  be  distinguished. 

The  third  type  of  reagent  is  the  free  radical,  a  species  containing  an 
unpaired  electron.  Early  workers  considered  that  the  compound  of 
empirical  formula  CH3  was  the  methyl  radical,  but  it  was  subsequently 
realised  that  it  was  in  fact  the  dimer  ethane,  CH3CH3.  The  covalent 
link  between  the  two  carbon  atoms  consists  of  a  pair  of  electrons,  one 
contributed  by  each  atom.  The  free  methyl  radical  would  be  expected 
to  be  very  unstable,  on  account  of  its  unpaired  electron.  It  is  formed 
during  the  pyrolysis  of  acetone  and  other  compounds  containing  a 
methyl  group  and  has  a  very  short  half-life  (about  1()-3  sec.).  It  rapidly 
combines  with  other  radicals  and  with  metallic  films,  this  second 
property  being  used  to  identify  many  free  radicals.  Compounds, 
Hg(CH3)2,  are  formed  and  these  may  be  converted  into  crystalline 
products,  e.g.  Hg(CH3)2I2,  for  characterisation.  More  stable  free 
radicals  have  also  been  prepared,  e.g.  tridiphenylylmethyl,  which  is 
stable  indefinitely  when  dissolved  in  an  inert  solvent.  Its  stability  is 
attributed  to  the  resonance  energy  of  the  aromatic  rings. 

It  has  been  necessary  to  postulate  the  participation  of  short-lived 
tree  radicals  m  certain  reactions,  particularly  in  chain  and  photochemical 
reactions  and  in  polymerisation  and  oxidation  processes  (cf.  p.  1 28)  An 

example  of  a  free  radical  process  which  occurs  in  solution  is  provided 
by  the  reaction  r 

cf>K  +  f  N2ONa  -»  </></>'R  +  N2  +  NaOH 
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where  <f>  and  </>'  represent  various  substituted  phenyl  radicals.  The 
evidence  for  the  participation  of  free  radicals  in  this  process  is  that  the 
aromatic  nucleus  of  the  diazonium  salt  always  enters  the  other  aromatic 
nucleus  in  the  ortho  or  para  position,  no  matter  what  the  nature  of  the 
substituent,  and  that  the  reaction  rate  is  similarly  independent  of  the 
activating  or  de-activating  nature  of  the  group. 

It  has  been  suggested  that  free  radicals  are  involved  in  the  hydroxy- 
lation  of  benzene  derivatives  in  the  rabbit  (Smith,  1950).  If  the  mecha¬ 
nism  is  of  this  type,  benzene  derivatives  containing  either  a  met  a 
or  an  ortho-para  directing  group  would  be  hydroxylated  in  the  ortho, 
meta  and  para  positions.  The  ortho-para  directing  substituents  are 
found,  in  fact,  to  give  either  para  or  both  ortho  and  para  hydroxy 
compounds,  while  those  meta  directing  groups  which  lead  to  the 
formation  of  detectable  amounts  of  hydroxylation  products  give 
ortho,  meta  and  para  phenols.  Some  results  are  shown  in  Table  15. 


TABLE  15 

Hydroxylation  of  aniline  and  cyanobenzene  in  the  rabbit 
(Smith  and  Williams,  1949) 


EXPECTED 

ORIENTATION  OF 

HYDROXYL 

ORIENTATION 

COMPOUND 

GROUP 

IF  REACTIVE  SPECIES  IS 

OCCURRING  If 

OH- 

FREE  RADICAL 

OH+ 

THE  RABBIT 

Aniline 

m 

o,  in,  p 

o,p 

o,p 

Cyanobenzene 

o,p 

o,  m,  p 

111 

o],  m,  p 

t  Bray  et  al.  (1951) 

It  is  clear  that  substitution  by  an  anionic  or  cationic  hydroxyl  radical 
seems  unlikely  to  be  the  basis  of  biological  hydroxylation,  but,  on  the 
other  hand,  the  lack  of  evidence  of  meta  hydroxylation  of  compounds 
containing  ortho-para  directing  groups  makes  the  acceptance  of  a 

free  radical  theory  difficult.  .  . 

When  the  rate  of  reaction  by  a  particular  mechanism  is  greatly 

decreased  by  structural  modification  of  a  parent  compound,  reaction 
by  a  different  mechanism  may  become  of  major  importance  For 
instance,  the  electron  density  at  the  C-Cl  bond  in  /erf-butyl  chloride 
is  high  enough  to  permit  unimolecular  hydrolysis  to  take  Plac^“j 
dissociation  of  a  chlorine  ion,  while  the  electron  density  at  the  C  Cl 
bond  of  methyl  chloride  is  lower  and  dissociation  takes  place  at  an 
immeasurably  slow  rate.  The  lower  electron  density  m  methyl  chloride, 
permits  the  approach  of  a  hydroxyl  radical  and  bimolecular  hydrolysis 
takes  place  Similarly,  the  presence  of  a  particular  catalyst  may 
crease^he^reaction  ra*  by  enabling  the  reaction  to  take  place  by  means 

rate  on  the  nature  and  eoncentration  of 
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the  chemical  species  present  has  been  investigated  for  the  hydrolysis 
of  acetyl  phosphate  by  Koshland  (1951)  in  an  attempt  to  throw  light 
on  the  enzymically-catalysed  reaction.  The  hydrolysis  was  studied  in 
solutions  containing  metal  ions,  pyridine,  aniline  and  varying  con¬ 
centrations  of  hydrogen  and  hydroxyl  ions,  for  each  of  the  three 
possible  forms  of  acetyl  phosphate  (Fig.  32). 


(a) 


OH 


CH  :i*COOP — OH 


OH 


OH 


(b) 


CH/COOP — O 


OH 


OH 


(c) 


CH./COOP— O 


o- 

Fig.  32  Three  forms  of  acetyl  phosphate:  (a)  is  the  main  form  at  pH  0-6,  (b)  at 

pH  2-7  and  (c)  at  pH  7-6 

The  hydrolysis  of  acetyl  phosphate  follows  first  order  reaction 
kinetics.  The  variation  of  the  specific  rate  constant  with  pH  is  shown 
in  Fig.  33.  At  extreme  pH  values  the  rate  is  proportional  to  the  con¬ 
centration  of  hydrogen  or  hydroxyl  ions  and  at  intermediate  values 
there  is  an  appreciable  rate  of  hydrolysis  which  is  apparently  due  to  a 
‘spontaneous’  reaction  not  catalysed  by  either  of  these  ions.  The 
general  picture  of  the  process  is  similar  to  that  found  for  the  hydrolysis 
of  esters  and  amides,  with  one  essential  difference.  The  relative  rate 
of  the  spontaneous  reaction  at  intermediate  pH  values  is  much  greater 
for  acetyl  phosphate  than  for  esters  or  amides.  Using  isotopic  tracers, 
it  was  shown  that  at  pH  values  from  3  to  6  the  P— O  bond  is  broken’ 
but  at  low  and  high  pH  values  the  C— O  bond  is  split.  These  suggested 
mechanisms  are  consistent  with  the  kinetics  observed.  It  may  be 
remarked  that  acid  hydrolysis  concerns  mainly  the  undissociated 
acetyl  phosphate,  spontaneous  hydrolysis  the  univalent  ion  and 
alkaline  hydrolysis  the  divalent  ion  (Fig.  32).  One  of  these  species 
is  in  high  concentration  compared  with  the  others  at  pH  values  of 
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0-6,  2-7  and  7-6,  respectively.  The  hump  at  pH  4  in  the  curve  in  Fig.  33 
is  due  to  the  difference  in  the  rates  of  the  spontaneous  hydrolysis  of  the 
two  ions. 


Fig.  33  Variation  of  velocity  constant  ( k )  with  pH,  for  the  hydrolysis  of  acetyl 

phosphate  (Koshland,  1951) 


In  aqueous  solution  at  pH  7  the  hydrolysis  of  acetyl  phosphate  is 
catalysed  by  aniline  and  by  pyridine,  the  latter  being  more  efficient. 
On  comparing  the  second  order  rate  constants  for  the  hydrolysis 
catalysed  by  aniline  and  by  pyridine  it  was  found  that  they  were  in  the 
samey  ratio  as  the  strengths  of  the  bases.  On  account  of  the  similar 
shape  of  molecules  of  the  two  catalysts  it  would  not  be  exPect®d  ^ 
their  steric  effects  would  be  very  different.  It  is  suggested  that 
mechanism  of  the  reaction  is  as  follows. 

O 


O 


+ 


C  H  3*C — OP032-  +  C5H5N  CH3*C— NC5H5  +  P04* 

o 

CH,-C-NC6H5  +  H,Q  -  CH.-COOH  +  C5H5N  +  H- 
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The  rate  of  reaction  was  found  to  be  proportional  to  the  concentra- 
Ion  of  catalyst  and  of  acetyl  phosphate,  so  that  for  thts  mechan.sm  to 
conform  with  the  observed  kinetics  it  is  necessary  t  ^ 

derivative  of  aniline  or  pyridine  should  react  rapidly  with  water  to 
re-form  the  catalyst  by  means  of  a  reaction  with  a  rate  constant  muc 
greater  than  that  for  the  formation  of  the  compound  .  It  was  found  that 
acetyl  pyridine  chloride,  which  can  be  prepared  independently  was 
hydrolysed  in  a  few  seconds,  whereas  the  half  life  of  acetyl  phosphate 
the  pyridine-catalysed  reaction  (0-25  M  pyridine)  is  3-27  min.  At  pH 
the  mechanisms  of  the  pyridine-catalysed  and  spontaneous  reactions  are 
quite  different,  for  in  the  former  the  C— O  bond  is  broken,  as  in  add  and 
alkaline  hydrolysis,  whereas  in  the  spontaneous  process  it  is  the 
bond  which  is  broken.  This  phenomenon  has  been  expressed  as  a 
transformation  of  acetyl  phosphate  from  a  phosphorylating  agent 
into  an  acetylating  agent.  The  overall  reaction  is  the  same  in  both 
cases  or  it  would  not  be  correct  to  describe  pyridine  as  a  catalyst. 

It  was  considered  that  catalysis  of  the  hydrolysis  of  acetyl  phosphate 
by  metal  ions  is  of  importance  since  the  enzymically-catalysed  trans¬ 
ference  of  phosphate  groups  in  general  has  been  found  to  be  related 
to  the  presence  of  such  ions,  especially  of  magnesium.  The  catalytic 
effect  of  divalent  metal  ions  on  acetyl  phosphate  hydrolysis  was 
investigated  at  pH  values  of  7-6,  2-7  and  0-63,  under  which  conditions 
the  acetyl  phosphate  is  present  almost  entirely  as  only  one  of  the  three 
possible  species  and  the  rate  of  reaction  is  small  enough  for  the  action 
of  the  metal  ion  to  be  significant.  It  was  found  that  the  magnesium 
ion  is  a  powerful  catalyst,  but  only  for  the  reaction  involving  the  divalent 
acetyl  phosphate  ion.  It  was  suggested  that  this  is  due  to  the  stability 
conferred  on  the  magnesium-acetyl  phosphate  complex  by  the  electrical 
charges.  This  complex  as  a  whole  would  be  uncharged,  whereas  the 
combination  of  magnesium  ion  with  either  of  the  other  species  (i.e. 
at  pH  2-7  or  0-6)  would  result  in  a  charged  complex.  A  possible  structure 
for  the  uncharged  complex  is  shown  in  Fig.  34.  It  will  be  noted  that 
a  six-membered  ring  is  suggested:  it  is  a  common  finding  that  such 
rings  are  stable  because  the  bond  angles  are  not  much  disturbed  in 
such  structures. 


BIOLOGICAL  REACTIONS 

It  was  stated  above  that  the  absolute  rate  of  reaction  cannot  be  calcu¬ 
lated  from  first  principles  for  complex  molecules,  but  that  the  relative 
rates  of  reaction  for  similar  compounds  can  be  interpreted  qualitatively 
in  terms  of  their  structures  and  that,  using  this  approach,  a  beginning 
has  been  made  in  the  quantitative  treatment  of  this  problem.  The 
theory  as  developed  so  far  has  been  applied  to  reactions  involving 
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seiies  of  simple  compounds  such  as  substituted  benzoic  acid  esters  and 
alkyl  halides. 

The  treatment  of  biological  reactions  is  a  more  formidable  problem. 
The  same  influences  as  those  which  are  at  work  in  the  reactions  of 
organic  compounds  determine  the  course  of  events  in  biological 
systems,  but  there  are  other  complicating  factors  which  the  biochemist 
must  consider.  Nearly  all  biochemical  reactions  are  catalysed  by 
enzymes  which  are  simple  or  complex  proteins.  The  mechanism  of 
this  type  of  catalysis  has  not  been  completely  elucidated  for  any 
single  reaction,  nor  has  any  but  the  most  general  characterisation  of  the 
structure  of  the  catalyst  been  achieved.  It  is  known,  however,  that  the 


\ 


O 


O 


Fig.  34  Acetyl  phosphate-magnesium 
ion  complex  (Koshland,  1951) 


most  notable  requirement  of  the  catalyst  is  that  the  substrate  molecule 
should  be  of  a  certain  shape.  Indeed,  some  enzymes  appear  to  be 
completely  specific,  e.g.  urease  catalyses  the  hydrolysis  of  only  urea. 
For  those  enzymes  which  are  group-specific  the  most  notable  feature 
of  the  variation  in  reaction  rate  between  different  substrates  is  the  effect 
of  the  shape  of  the  molecule.  However,  as  in  purely  chemical  reactions, 
the  variation  in  electron  density  at  the  point  of  reaction  influences  the 
rate  of  reaction,  as  has  been  shown  for  the  hydrolysis  of  para  sub¬ 
stituted  benzoylcholines  (Ormerod,  1953).  Similarly  in  reactions  such 
a*  those  between  an  antigen  and  an  antibody  shape  plays  a  very 


denaturation  of  proteins 

activation  and  of  reaction  give  a  rational  picture  of  the  course  of 
reaction.  The  relevant  equations  arc 

AG"  =  AW"  -  T AS" 

AG*  =  AW*  —  TAS* 

AG?  =  AO;  -  AG*_, 

AW"  =  AW,*  -  AW*, 

AS?  =  AS?  -  AS*_, 

Kunitz  (1948)  has  obtained  results  relating  to  the  reversible  denatura¬ 
tion  of  crystalline  soybean  trypsin  inhibitor,  a  globulin  of  molecular 
weight  25,000  which  irreversibly  inhibits  trypsin.  When  the  native 
protein  is  reversibly  denatured  the  heat  of  reaction  is  57*3  kcal./mole 
and  the  entropy  change  180  cal./°C/mole.  These  values  are  typical  of 
this  class  of  reaction.  There  is  an  enormous  increase  in  entropy, 
although  the  number  of  molecules  has  not  increased.  This  is  consistent 
with  the  view  that  the  denatured  form  of  a  protein  is  derived  from 
the  native  form  by  the  breaking  of  bonds  and  the  constituent  parts 
of  the  molecule  possess  much  greater  freedom  of  movement  than  they 
have  in  the  native  form.  The  heat  of  activation  for  denaturation  is 
55-35  kcal./mole,  while  that  for  the  reverse  reaction  is  actually  negative 
(  —  1-9  kcal./mole).  The  entropies  of  activation  for  denaturation  and 
the  reverse  reaction  are  95  and  —8-4  cal./°C/mole,  respectively.  It  is 
the  loss  of  entropy  in  attaining  the  transition  state  in  the  reverse 
reaction  which  compensates  for  the  negative  heat  of  activation,  so 
that  the  reaction  rate  is  small  enough  to  be  measured. 

A  reaction  with  both  a  large  heat  and  a  large  entropy  of  reaction 
(as,  for  example,  in  reversible  denaturation)  has  a  free  energy  of  reaction 
small  enough  to  make  it  readily  reversible.  It  should  be  noted  that 
reactions  which  have  large  heats  of  activation  without  large  entropy 
changes  would  be  so  slow  at  ordinary  temperatures  as  to  be  unobserv¬ 
able,  while  reactions  with  very  large  entropies  of  activation  but  with 
small  heats  would  be  virtually  instantaneous.  No  great  significance 
should  be  attached  to  the  simultaneous  occurrence  of  large  heats  and 
entropies  of  activation,  since  this  is  merely  one  of  the  conditions 
leading  to  the  occurrence  of  an  observable  reaction  at  ordinary 
temperatures.  Similarly  reactions  with  either  large  entropies  or  large 
heats  of  reaction,  but  not  both,  have  large  free  energies  of  reaction 
and  either  the  product  or  the  reactant  (i.e.  in  denaturation  the  native  or 
the  denatured  form)  will  be  present  in  such  a  small  amount  as  to  make 
the  reaction  irreversible. 

A  point  of  interest  in  the  values  for  heats  of  activation  given  above 
is  that  they  are  not  far  removed  from  those  for  the  heats  of  reaction, 
indicating  that  the  total  energy  of  the  activated  complex  is  almost 
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the  same  as  that  of  the  denatured  form  and  very  different  from  that 
of  the  native  form.  However,  the  entropy  liberation  on  formation  of 
the  activated  complex  is  only  half  that  of  the  complete  reaction,  so 
that  the  form  of  the  complex  may  be  considered  to  be  midway  between 
the  native  and  denatured  forms.  The  activated  complex,  on  changing 
to  the  denatured  form,  gains  very  slightly  in  energy  but  increases 
greatly  in  entropy  at  the  expense  of  the  free  energy  of  the  molecule 
being  denatured. 

The  above  values  fit  well  into  a  picture  of  a  reactive  molecule 
gaining  enough  energy  to  break  some  valence  bonds:  after  this  the 
total  energy  changes  little,  the  remaining  bonds  which  break  doing 
so  spontaneously.  Some  of  the  free  energy  associated  with  the  original 
arrangement  of  atoms  is  changed  into  kinetic  energy  due  to  movement 
such  as  vibration  or  rotation,  with  a  concomitant  increase  in  entropy. 

A  similar  state  of  affairs  has  been  observed  in  the  denaturation  of 
trypsin  (Eyring  and  Stearn,  1939)  and  of  chymotrypsin  (Eisenberg 
and  Schwert,  1950-1).  The  values  of  the  constants  concerned  have 
been  found  to  depend  markedly  on  the  pH  value.  The  effect  of  varying 
pH  on  the  denaturation  of  trypsin  can  be  accounted  for  by  the  dissocia¬ 
tion  of  five  protons  from  charged  amino  groups,  since  there  is  a 
fifth  order  dependence  on  pH.  Similarly  the  third  power  of  the  hydrogen 
ion  concentration  governs  the  rate  of  denaturation  of  chymotrypsin 
in  the  pH  range  2-3.  At  pH  values  of  this  order  only  carboxyl  groups 
are  involved.  The  values  of  thermodynamic  constants  for  these  denatu- 
rations  are  summarised  in  Table  16. 

On  the  basis  of  such  protein  equilibria  attempts  have  been  made  to 


TABLE  16 

Values  of  thermodynamic  constants  for  the  reversible  denaturation 

of  certain  proteins. 

PROTEIN 


CRYSTALLINE  SOYBEAN 


CONSTANT 

TRYPSIN  INHIBITOR  (1) 

TRYPSIN  (2) 

pH 

30 

— 

T  (°C) 

50 

47 

AG? 

-09 

-1*3 

A  Hf 

57-3 

67-6 

A/// 

A//!; 

55-3 

-1-9 

40-2 

-27-4 

AS? 

180 

213 

AS} 

AS!2 

95 

-85 

45 

-168 

(1)  Values  from  Kunitz  (1948). 

(2)  Values  from  Eyring  and  Stearn  (1939). 

(3)  Values  from  Eisenberg  and  Schwert  (1950-1). 


CHYMOTRYPSINOGEN  (3) 

20 

50 

-1-4 

99-6 

84-5 

-15-7 

316 

202 

-116 


DENATURATION  OF  PROTEINS 


157 


interpret  the  action  of  narcotics  on  organisms,  the  variation  in  lumi¬ 
nescence  in  certain  bacteria  (p.  301),  the  mutation  of  genes  and  other 
biological  phenomena  in  terms  of  the  theory  of  absolute  reaction 
rates  (cf.  Johnson  et  al,  1954).  Such  attempts  assume  implicitly  that 
protein  is  involved  in  a  rate-determining  reaction,  so  that  variations 
in  an  equilibrium  in  which  it  is  concerned  are  reflected  in  the  rate  of 
the  process  studied.  It  may  be  remarked  that  biological  processes  in 
general  have  been  found  to  have  temperature  coefficients  which  corre¬ 
spond  to  heats  of  reaction  of  the  order  of  one-tenth  of  those  found  for 
these  protein  reactions.  It  may  therefore  be  concluded  that  reversible 
denaturation  of  protein  as  described  above  does  not  play  a  part  in 
determining  the  rates  of  most  biological  processes. 

A  characteristic  of  reactions  with  very  high  values  for  the  heat  of 
activation  is  that  they  change  from  slow  to  fast  reactions  over  a  very 
small  temperature  range.  Denaturation  reactions  may  therefore  set 
an  upper  limit  to  the  temperature  at  which  life  is  possible.  It  would  be 
of  great  interest  to  have  full  information  on  the  reactions  of  the  proteins 
of  those  organisms  which  are  found  in  such  places  as  thermal  springs 
and  which  survive  at  a  temperature  considerably  greater  than  that 
which  is  tolerated  by  the  majority  of  organisms.  The  amount  of 
information  available  is  sufficient  to  discount  the  theory  that  the 
organisms  survive  by  rapidly  resynthesising  native  protein  and  to 
suggest  that  the  protein  of  such  organisms  is  in  fact  relatively  very 
stable.  It  is  not,  however,  sufficient  to  permit  profitable  discussion  of 
the  relevant  comparative  biochemistry  (cf.  Militzer  and  Tuttle,  1952). 

The  internal  energy  and  the  volume  change  of  activation  or  reaction 
may  be  deduced  from  the  free  energy  at  various  pressures  in  the  same 
way  as  the  heat  and  entropy  of  activation  may  be  deduced  from  the 
free  energy  at  various  temperatures.  It  is  found  that  variation  in 
pressure  in  fact  leads  to  large  variations  in  the  rates  of  reactions  and 
this  effect  has  been  studied  in  some  biological  systems.  Much  of  this 
work  is  concerned  with  enzymic  reactions  or  with  physiological  processes 
m  uvo  and  especially  with  bacterial  luminescence,  a  process  which  is 
re  atively  easy  to  investigate  under  varying  conditions  (p.  301)  As 
an  illustration  of  results  which  can  be  achieved  by  the  study  of  the 

onreiaof0nth°e  reaCI'0n  rateS  preSSUre  h  m ay  be  mentioned  that 
one  of  the  conclusions  reached  is  that  catalytic  action  in  certain 

enzym'c  processes  occurs  on  the  surface  of  the  enzyme,  while  in  others 

takes  place  within  the  enzyme  molecule  (cf.  p.  250). 
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CHAPTER  6 


THE  KINETICS  OF  REACTION  SYSTEMS 


It  is  well-established  that  chemical  change  proceeds  in  simple  steps. 
At  each  stage  of  a  chemical  process  a  small  number  of  particles  form 
an  unstable  complex  which  breaks  down  to  give  the  products  of  the 
reaction  (p.  140).  Some  observed  reactions  are  considered  to  consist 
of  a  single  stage,  e.g.  the  alkaline  hydrolysis  of  ethyl  benzoate,  in  which 
the  reaction  takes  place  directly  between  the  ester  molecule  and  a 
hydroxyl  ion,  thus 

C6H5COOC2H5  +  OH--^C6H5*COO-  +  C2H5-OH. 


It  is,  however,  probable  that  molecules  of  solvent  play  a  part  in  the 
reaction,  so  that  a  full  representation  of  the  hydrolysis  would  show 
that  more  than  one  stage  is  involved.  In  general,  observed  reactions 
take  place  in  several  stages.  For  instance,  in  the  biological  dehydrogena¬ 
tion  of  lactic  acid  the  overall  reaction  may  be  written 

lactic  acid  +  oxygen  ->  pyruvic  acid  +  water 
but  it  is  known  that  this  is  the  resultant  of  at  least  three  steps,  viz. 

lactic  acid  +  co-enzyme  I  -»  pyruvic  acid  +  reduced  co-enzyme  I 
reduced  co-enzyme  I  +  ferricytochrome  c 


->  co-enzyme  I  +  ferrocytochrome  c 
ferrocytochrome  c  +  oxygen  ->  ferricytochrome  c  +  water 

The  oxidation  of  glucose  to  carbon  dioxide  and  water  in  organisms 

has  been  found  to  include  at  least  22  separate  reactions,  some  of  which 
are  complex. 

The  properties  of  systems  of  reactions,  expressed  in  terms  of  con¬ 
centrations  of  reactants  and  of  rate  constants,  may  be  studied  by  the 
methods  of  reaction  kinetics.  This  branch  of  kinetics  has  been  called 

formal  kinetics  to  distinguish  it  from  ‘absolute’  kinetics,  treated 
in  the  previous  chapter. 

The  formal  kinetics  of  reaction  systems  have  important  applications 

L,10CheTtry-  W1T  ,he  characteristics  of  J  constituent  single 
reactions  of  a  system  have  been  discovered  the  behaviour  of  the  system 

= ms  ssjs  saar  riSE 
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formal  kinetics  is  of  value  in  analysing  the  properties  of  real  systems. 
For  instance,  it  is  often  found  that  the  properties  of  a  system  of  reactions 
are  very  different  from  any  which  could  be  predicted  from  knowledge 
only  of  the  component  reactions  without  detailed  consideration  of 
the  formal  kinetics  of  the  whole  system.  Examples  are  given  later  in 
this  chapter  of  the  value  of  formal  kinetics  in  providing  a  simple 
explanation  of  observations  which  superficially  appear  to  be  complex. 

Reaction  systems  can  be  usefully  classified  as  closed  or  open  systems. 
When  there  is  no  material  exchange  between  a  reaction  system  and  its 
environment,  the  system  is  termed  ‘closed’:  energy  exchange  may 
occur,  and  generally  does  so,  as  in  isothermal  systems.  When  material 
exchange  across  the  boundaries  of  the  system  occurs  the  system  is 
said  to  be  ‘open’.  The  boundaries  of  the  system  need  not  be  spatially 
defined,  for  one  part  of  a  complex  of  reactions  occurring  in  a  homo¬ 
geneous  medium  may  be  isolated  conceptually  and  regarded  as  an 
open  system.  In  the  organism  the  metabolic  reaction  systems  are 
open,  but  in  laboratory  investigations  of  breis,  tissue  slices  and  similar 
preparations  the  systems  studied  are  usually  closed. 


THE  KINETICS  OF  SINGLE  REACTIONS 

A  feature  of  a  closed  system  is  that  a  reaction  within  it  can  go  to 
completion,  the  course  of  the  reaction  with  respect  to  time  being 
given  by  integration  of  the  appropriate  differential  equations.  The 
differential  and  integrated  equations  for  single  reactions  of  the  first 
order,  e.g.  A  ->  B,  are 

db/dt  =  kjia,,  —  b )  (95) 

and  , 

(a0  —  b)  —  a0t  llt  (96) 

where  a  and  b  are  the  instantaneous  concentrations  of  A  and  B, 
respectively,  a0  the  initial  concentration  of  A  and  kj  the  rate  constant 
The  concentration  of  A  at  any  time  is  an  exponential  function  of 
time  and  is  proportional  to  its  initial  concentration.  Substituting  from 
equation  (96)  into  equation  (95) 

db/dl  =  W 

Thus  the  instantaneous  reaction  rate  may  be  expressed  in  terms  of 

time  and  initial  concentration  of  reactant.  This  is  a  characteristic 
result  for  a  closed  system,  the  reaction  considered  above  being  r 
ci molest  possible  example.  Any  reaction  which  has  a  time  course  o 
thisPtype  is  said  to  follow  first  order  kinetics.  Unimolecular  reactions 
n  solmion  eg  the  thermal  denaturation  of  proteins,  follow  first 
order  kinetics.  In  general,  whenever  only  one  reactant  varies  apprtua  V 
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in  concentration,  first  order  kinetics  are  observed.  For  instance,  in 
the  hydrolysis  of  sucrose  in  a  dilute  aqueous  solution  the  concentration 
of  sucrose  decreases,  but  no  effective  change  in  the  concentration  of 
water  occurs,  so  that  the  rate  equation  is  equation  (97),  where  a0 
denotes  the  initial  concentration  of  sucrose  and  kt  is  a  complex 
constant  containing  the  specific  rate  constant  of  the  hydrolytic  reaction, 
the  constant  concentration  of  water  and  of  the  necessary  catalyst. 

Confusion  of  unimolecular  reactions  with  reactions  following  first 
order  reaction  kinetics  has  given  rise  to  some  controversy  in  bio¬ 
chemistry.  The  so-called  ‘monomolecular’  theory  of  the  destruction  of 
bacteria  by  heat,  drug  action,  radiation  or  desiccation  was  based  on  the 
observation  that  the  death  of  a  bacterial  population  often  follows 
first  order  kinetics.  Whether  or  not  the  death  of  a  bacterium  can 
be  brought  about  by  a  single  molecule  (cf.  Hinshelwood,  1953),  much 
of  the  controversy  has  been  due  to  a  confusion  in  the  meaning  of 
terms. 

Not  only  chemical  processes  obey  equations  of  the  form  of  equation 
(97).  A  particularly  important  example  of  a  physical  process  which 
may  be  said  to  follow  first  order  kinetics  is  diffusion.  Since  the  reaction 
systems  occurring  in  organisms  are  heterogeneous,  diffusion  plays 
a  vital  part  in  determining  the  rates  of  reactions  which  occur,  so  that 
the  kinetics  it  follows  are  important.  The  course  of  diffusion  may  be 
described  by  Fick  s  law,  which  states  that  the  rate  of  diffusion  is 
proportional  to  the  concentration  gradient  which  prevails,  i.e. 


dn/dt  =  Ddc/dx 


where  dn/dt  is  the  rate  of  transfer  of  substance  per  unit  area,  dc/dx 
thCjConc^ntration  gradient  and  D  the  diffusion  coefficient  (cf.  equation 


Unlike  chemical  reaction  rates,  diffusion  rates  are  defined  in  terms 
o  both  spatial  co-ordinates  and  concentrations  and  the  equations 
or  systems  with  quite  simple  geometry  are  complex.  Consideration  of 
e  simplest  example  of  diffusion,  however,  leads  to  results  of  some 
importance.  Diffusion  is  assumed  to  occur  across  a  plane  membrane 
c  infinite  extent,  thus  eliminating  the  need  to  consider  events  at  the 
edges  of  the  membrane.  The  rate  of  diffusion  between  any  two  points 

of  th°ePd  T0n  t0  thC  differenCe  between  the  concentrations  Id  a 
of  the  diffusing  species  at  the  two  points,  i.e.  ;  2 


ddj/dt  -f  da2/dt  =  k a1—  k a., 
d(a,  ~  a.,)/dt  =  k  (a,  —  a2) 


KINETICS 


dAa/dt  =  kAa 
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where  Ar/  represents  the  concentration  difference.  This  equation 
is  of  the  same  form  as  that  for  a  single  irreversible  first  order  reaction 
(equation  (95)). 

The  well-known  formula  for  maximal  renal  clearance,  (C), 


c  -  UVIP 

where  V  is  the  volume  of  urine  excreted  per  minute,  and  P  and  U  the 
concentrations  of  solute  in  plasma  and  urine,  respectively,  is  based  on 
the  assumption  that  the  excretion  of  solute  follows  first  order  kinetics. 
It  states,  in  effect,  that  the  rate  of  excretion  of  a  solute  ( UV )  is  pro¬ 
portional  to  the  plasma  concentration,  the  clearance  being  the  pro¬ 
portionality  constant. 

The  equations  for  first  order  reactions  are  particularly  simple  and 
such  reactions  are  often  postulated  in  metabolic  systems  to  facilitate 
interpretation  of  experimental  results,  though  it  seems  likely  that 
such  an  assumption  is  often  unjustified  and  equations  of  higher  order 
should  be  considered. 

When  more  than  one  reactant  varies  appreciably  in  concentration 
during  the  course  of  a  reaction,  the  time  course  may  still  be  derived. 
For  a  second  order  reaction,  e.g. 


A  +  B  ->  C 

the  rate  equation  is 

dc/dt  =  koCib  =  k2  ( a0  —  c)(b0  —  c) 

which  on  integration  gives 


k,  = 


_  b0(a0  —  c) 

{a0  —  b0)t 1,1  a0{b0  -  c ) 


In 


(98) 


Similar  expressions  may  be  derived  for  reactions  of  higher  order. 
The  general  equation  for  orders  greater  than  the  first,  for  the  condition 
that  the  initial  concentrations  of  all  reactants  are  equal,  is 


kn  = 


(a0  —  A')1 


al~n 


(n  —  0' 

where  x  is  the  concentration  of  A  which  has  disappeared  at  time 
,  and  n  is  the  order  of  reaction.  This  expression  is  derived  from 
equations  in  which  the  initial  concentrations  are  set  equal :  expressions 
of  the  form  of  equation  (98)  break  down  when  this  condition  is 

TeTcins""  not'ifecessardy^of  constant  order  for  all  concentrations 
of  ^reactants.  An  example  of  a  reaction  where  the  order  changes  with 
reactant  concentration  is  the  inactivation  of  pepsin  by  heat 
centrated  solutions,  the  rate  of  inactivation  is  proportional  to  the 
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first  power  of  the  concentration,  while  in  very  dilute  solutions  it 
becomes  proportional  to  the  fifth  power  of  the  pepsin  concentration. 
This  may  be  attributed  to  a  great  variation  with  concentration  of 
the  mutual  interaction  of  the  protein  molecules  (Casey  and  Laidler, 
1950). 

The  observed  rate  of  some  reactions  remains  constant  during  the 
whole  of  their  course,  i.e.  it  is  independent  of  the  concentration  of 
reactants.  Such  reactions  are  termed  zero  order  reactions.  A  con¬ 
sideration  of  reaction  rate  theory  (p.  141)  shows  that  no  single  reaction 
can  follow  zero  order  kinetics,  so  that  the  observation  of  such  kinetics 
in  practice  indicates  that  a  system  of  reactions  is  involved. 

The  reactions  considered  so  far  in  this  chapter  are  all  irreversible. 
While,  in  principle,  all  reactions  are  reversible,  the  reaction  in  one 
direction  is  often  slow  enough  to  be  negligible.  When  this  simplifi¬ 
cation  cannot  be  applied  and  the  rate  of  a  reverse  reaction  is  appreci¬ 
able  in  comparison  with  that  of  the  forward  reaction,  the  mathematical 
treatment  of  the  kinetics  is  more  complex.  Consider  first  the  simplest 
type  of  reversible  reaction  in  which  one  substance  is  transformed 
reversibly  into  another,  i.e. 

kt 

A  B 


A  number  of  such  isomerisation  processes  occur  in  organisms  (p.  257). 
Such  an  equation  might  be  written,  for  example,  for  the  keto-enol 
transformation  at  constant  concentrations  of  all  other  reactants. 
The  kinetics  of  enzyme-catalysed  reversible  reactions  are  for  the  most 
part  not  readily  solved:  here  the  simpler  kinetics  of  isomerisation  in 
the  absence  of  a  catalyst  will  be  considered. 

Suppose  that  at  zero  time  the  concentration  of  A  was  a0,  while  B 
was  absent.  After  time  t  a  concentration  b  of  B  has  been  formed 
while  that  of  A  has  decreased  to  (a0  -  b ).  The  overall  rate  of  reaction 


db/dt  -  kfao  -  b)  -  k_j  b 

The  rate  of  leaction  is  zero  when  the  rates  of  the 
reactions  are  equal,  i.e. 


(99) 

opposing  partial 


db/dt  =  0  =  k,(a0  -b)~  k_,b 


Let  the  concentration  of  B  at  this 
of  b  at  equilibrium).  Then 


point  be  denoted  by  be  (i.e.  the  value 


i.e. 


ki(a0  —  b,)  =  k_1be 
k-i  =  ki  (a0  -  be)jbc 
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Substituting  this  value  in  equation  (99) 

db/dt  =  kj(a0  —  b)  —  k^o  —  be)/be 
=  kiCioib,  -  b)/be 
=  kici0  —  kjQoblb, 


Integration  gives 


which  may  be  written 


k,  =  —  \n  b‘ 


a0t  be—b 
k,  +  k_,  =  -  In  b' 


t  ba  —  b 


(100) 


It  can  be  seen  that  even  when  the  reaction  is  reversible,  it  is  possible 
to  ‘isolate’  the  forward  reaction,  i.e.  the  specific  rate  constant  for  the 
forward  reaction  is  defined  only  in  terms  of  concentrations  and  time, 
since  equation  (100)  does  not  contain  explicitly  the  rate  constant  for 
the  reverse  reaction. 

When  the  reaction  is  at  equilibrium  the  overall  rate  is  zero,  i.e. 


Hence 


-da/dt  =  dbjdt  =  kta  —  k_tb  =  0 
kIlk_1  =  b\a 


The  ratio  k1fk_1  is  the  equilibrium  constant  of  the  reaction,  designated 
K.  This  has  previously  been  defined  in  thermodynamic  terms  (p.  85). 
The  definitions  of  thermodynamics  and  kinetics  agree  for  an  ideal 
solution,  where  the  concentrations  of  reactants  are  equal  to  their 
activities,  and  also  for  a  non-ideal  solution,  provided  that  the  ratio 
of  the  activity  coefficients  is  unity.  Under  biological  conditions  the 
values  of  activity  coefficients  are  often  unknown,  so  that  it  is  common  to 
assume  that  the  use  of  concentrations  in  place  of  activities  will  introduce 

only  a  tolerable  error.  . 

In  many  reactions  one  of  the  reactants  is  present  in  the  same  amount 

at  the  beginning  and  end  of  the  reaction,  i.e.  it  is  a  catalyst.  In  the 
formulation  of  a  kinetic  equation  for  a  simple  reaction  a  catalyst y 
be  treated  as  a  reactant.  When  the  concentration  of  free  catalyst  is 
prac  ically  constant,  either  because  there  is  a  large  excess  or  because 
of  the  p  esence  of  some  source  (e.g.  buffers  may  be  a  source  of  hydrogen 
Tons)  Oien  the  kinetic  expression  for  a  catalysed  reaction  contains 
Ln  extra  constant.  This  is  sometimes  combined  with  the  specfic  rate 
constant  thereby  reducing  the  order  of  the  reaction  by  on  .  , 

however  the  total  concentration  of  catalyst  is  fixed  and  it  is  no  in 
gr«t  excess  the  reaction  kinetics  are  much  more  complex  (cf.  p.  204). 
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An  interesting  type  of  catalysed  reaction  is  the  autocatalytic  reaction, 
the  rate  of  which  is  proportional  to  the  concentrations  of  both 
reactants  and  products.  The  simplest  system,  A  ->  B,  will  be  considered. 
After  time  t,  (a0  —  b)  remains  of  A  and  a  concentration  b  of  B  has  been 
formed,  so  that  the  rate  equation  is 


Integration  gives 


db/dt  =  kb  ( a0  —  b ) 

In  b/(a0  —  b)  =  a0kt  +  c 


(101) 


The  integration  constant  (c)  may  be  evaluated  by  setting  t  equal  to 
/j  when  b  =  a0\ 2,  i.e.  the  time  at  which  half  the  reactant  has  been 
transformed.  Then 

In  1  =  a0kti  +  c 
and 

c  =  —  a0kti 

Substituting  for  c  in  equation  (101) 

In  bl(a0  —  b)  =  a0k{t  —  /*) 
or 

ea0k(t-tll2)  _ 

For  a  given  reaction,  a0  and  t ,  are  constants,  so  that  Q~aoktvi  js  constant 
(C)  and 

Cea°kt  =  b/(aQ  —  b) 

An  example  of  an  autocatalytic  reaction  is  the  conversion  of  pepsi¬ 
nogen  to  pepsin,  for  which  the  catalyst,  pepsin,  is  formed  during  the 
course  of  the  reaction.  The  order  of  an  autocatalytic  reaction  is  the 
sanJe„as  for  a  taction  subject  to  simple  catalysis,  but  the  time  course 
is  different.  Non-catalytic  reactions  of  any  order  follow  a  ‘die-away’ 
curve,  but  the  graph  of  an  autocatalytic  reaction  has  a  sigmoid  form 
with  a  point  of  inflexion  at  the  time  at  which  the  reaction  is  half 
complete.  The  concentration  of  a  substance  in  an  open  reaction  system 

however,  may  follow  a  sigmoid  curve  even  in  the  absence  of  auto- 
catalytic  reactions. 

Simple  autocatalytic  reactions  are  not  common  in  organisms  the 

xamTof  r0^  t0  aCtiVe  enZ*meS  bein§  the  notable 

example  of  such  processes.  A  characteristic  property  of  organisms 

however,  ,s  then  behaviour  as  complex  autocatalytic  systems  The 

proper  .es  of  such  systems  are  very ‘similar  to  those  of  sy“ems  of 

a  ponSon  reaCtl°nS-  ,For  lnstanc«.  under  appropriate  conditions 

represented  bv  the  T8  ,  °rganiSm  may  follow  kinetics  of  growth 
represented  by  the  s.mple  equation  for  an  autocatalytic  reaction 

(cf.  p.  329).  The  use  of  equat.ons  of  this  type  in  such  contexts  has 
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been  criticised,  but  it  is  of  interest  to  note  that  certain  processes,  e.g. 
the  adaptation  of  bacteria  to  drugs,  have  been  successfully  treated  in 
terms  of  the  properties  of  autocatalytic  reactions  (Hinshelwood, 
1946)  (cf.  p.  310). 

CATENARY  REACTIONS  IN  CLOSED  SYSTEMS 

Extensive  systems  of  reactions  take  place  in  living  organisms,  the 
individual  processes  being  connected  serially  to  form  chains  (catenary 
reactions)  which  may  be  straight  or  branched.  The  chains  may  be 
interconnected  in  several  places,  forming  networks  which  involve 
cycles  of  reactions,  in  which  the  first  and  last  reactions  of  a  chain  are 
connected. 

The  kinetics  of  straight  chains  of  reactions  were  considered  early  in 
the  history  of  biochemistry,  but  at  that  time  the  importance  of  open 
system  kinetics  was  not  appreciated  and  attention  was  confined  to  the 
time  course  of  closed  systems.  This  is  still  of  importance  in  certain 
fields,  especially  in  connection  with  the  metabolism  of  single  doses 
of  ‘labelled’  naturally-occurring  compounds  or  of  foreign  organic 
compounds. 

The  simplest  reaction  chain  consists  of  a  sequence  of  two  irreversible 
first  order  reactions  and,  while  this  type  of  system  is  not  commonly 
encountered  in  biochemistry,  it  may  be  used  to  demonstrate  certain 
important  principles.  The  kinetic  equations  for  longer  series  of 
irreversible  reactions  are  more  complex,  but  of  the  same  form.  The 
system  to  be  discussed  may  be  represented  as 

A  B  — C 

Assuming  an  initial  concentration  a0  of  A,  which  after  time  t  has 
reacted  to  give  a  concentration  b  of  B  and  c  of  C,  leaving  a  concen¬ 
tration  a  of  A,  the  rate  equations  may  be  formulated  as 

—da/dt  =  kxa 

db/dt  =  kfl  —  k2b  (^3) 

dc/dt  =  k2b  (104) 

Integration  of  equation  (102)  gives 

a  =  a0c~klt 

Substituting  this  value  in  equation  (103)  and  rearranging  gives 

k2b  +  db/dt  =  kIa0c-klt 

the  solution  of  which  is 

b  J  kia°-  (e-^'  -e"***) 
k2  —  kt 


(105) 


CATENARY  REACTIONS 


167 


The  expression  for  c  may  be  derived  simply,  since  the  system  is  closed 
and  therefore 

a  +  b  +  c  =  a0  (106) 

and  hence 


c  =  r-^-r-  Ik,  (1  -  e-*")  -  k,  (1  -  e"**)]  (107) 

K ‘2  K  i 

The  rate  of  production  of  C  may  now  be  expressed  in  terms  of  rate 
constants,  time  and  the  initial  concentration  of  A,  thus 

dc/dt  =  (e-*J'  -  e"**)  (108) 

Ko  Ki 


It  can  be  seen  that  the  expression  is  quite  complex,  even  for  such 
a  simple  system.  Two  simplifications  are  of  interest.  When  k2  B 

may  be  considered  an  unstable  intermediate  present  in  a  concen¬ 
tration  which  is  very  small  compared  with  that  of  A  (except  at  the 
very  end  of  the  reaction)  and  of  C  (except  at  the  very  beginning  of  the 
reaction)  and  the  following  equations  hold  for  the  major  part  of  the 
reaction. 


dc/dt  =  da/dt  =  kja  =  kja0e~kl 

From  equations  (102),  (103)  and  (104),  or  from  differentiation  of  the 
condition  for  a  closed  system,  (equation  (106)),  it  can  be  seen  that  the 
exact  equation  for  the  rate  of  production  of  C  is 


dc/dt  =  -  da/dt  -  db/dt  =  kja  -  db/dt 

In  the  approximation,  db/dt  is  assumed  to  be  negligible,  i.e.  b  is  assumed 
to  remain  constant.  For  this  reason  this  is  termed  the  ‘steady  state’ 
approximation.*  Use  of  this  approximation  often  makes  possible  the 

°f  Simp!eu!dnetic  when  a  rigorous  treatment 

would  lead  to  insoluble  equations.  The  approximation  is  very  often 

justtfied  since  unstable  intermediates  commonly  occur  in  both  chemical 
nd  biochemical  reactions  (e.g.  in  enzymic  reactions) 

Alternatively  it  may  be  that  k,  >  k2,  so  that  the' reaction  consists 
effectively  of  two  phases,  namely  the  rapid  transformation  of  A  to  B 

ord^netL  C  ^  °f  B  “>  C'  each  following^ 


Rapid  phase  db/dt  =  k,a  =  k,a0t 

Slow  phase  dc/dt  =  kjb  =  k,a0e 


#  1 

commorty  **  "  ^  — 

“  practice  is  main,y  L  erica,  and 
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Therefore,  when  k1  and  k2  have  very  different  values,  the  reaction 
rate  is  determined  during  practically  the  whole  time  of  the  reaction  by 
the  smaller  of  the  two  constants.  The  single  reaction  possessing  such  a 
constant  is  called  the  ‘rate-determining  step’. 

A  biological  reaction  system  which  consists  of  two  consecutive 
first  order  reactions  is  the  metabolism  of  anisole  in  the  rabbit  (Bray 
et  al .,  1952a).  Anisole  is  hydroxylated  to  give  /7-hydroxyanisole,  which  is 


Fig.  35  Excretion  of  /j-methoxyphenol  by  rabbit  after  administration  of  anisole 
(1  g.).  The  curve  is  the  theoretical  first  order  curve  for  kj  =  0-10  hr-1  and  the 
points  are  those  determined  by  experiment  (Bray  et  al.,  1952a,  Biochem.  J.) 


then  conjugated  with  sulphuric  or  glucuronic  acid  and  excreted. 
The  rate-determining  step  is  the  hydroxylation  process,  for  while 
both  this  and  the  conjugation  process  follow  first  order  reaction 
kinetics,  the  latter  is  sufficiently  rapid  to  make  the  overall  process 
follow  simple  first  order  reaction  kinetics.  The  excretion  of  the  con¬ 
jugates  in  the  urine  is  so  rapid  that  they  cannot  be  detected  in  the 
body,  so  that  the  kinetics  of  the  excretion  process  are  irrelevant.  The 
theoretical  curve  for  a  first  order  process  is  shown  in  Fig.  35,  together 


with  experimentally  determined  points. 

When  A'i  and  ko  have  values  which  are  of  the  same  order,  the  full 
equation  must  be  used  and  the  order  of  reaction  for  the  whole  system 
will  be  fractional  and  may  vary  with  time.  Examples  of  chemical 
reactions  which  follow  the  kinetics  of  the  full  equation  for  two  con¬ 
secutive  first  order  reactions  (equation  (108))  include  the  mutarotation 
of  a-  and  /3-galactose  in  aqueous  solution  and  the  hydrolysis  of  esteis 
and  amides  8of  dibasic  acids  (Moelwyn-Hughes  1947).  An  example 
of  a  longer  sequence  of  reactions  has  been  provided  by  Peers  (1953) 
who  showed  that  the  kinetics  of  the  hydrolysis  of  phytate  by  phy  a  e 
were  of  the  type  expected  for  six  successive  irreversible  first  order 

1  1953)  found  that  the  reactions  prothrombin  ->■  thrombin  -> 

thrombin-antithrombin  complex  follow  .he  kinetics  of  a  system  of 
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two  successive  first  order  reactions.  The  concentration  actually  measured 
was  that  of  thrombin,  determined  by  testing  the  ability  of  the  reaction 
mixture  to  clot  fibrinogen.  The  relation  between  thrombin  concen¬ 
tration  and  the  time  from  the  beginning  of  the  reaction  is  shown  in 


Fig.  36  Thrombin  concentration  as  a  function  of  time  (Biggs  1953) 

Theoretical  curve  for  a  system  of  two  consecutive  first’  order 
reactions,  with  experimental  points 

Fig.  36.  The  curve  fits  equation  (105)  and  the  area  it  encloses  is 

proportional  to  the  amount  of  prothrombin  present  at  the  beginning 
of  the  reaction.  5  s 

Zero  order  reactions  are  common  in  biochemistry,  for  while  an 
enzyme-catalysed  reaction  follows  first  order  kinetics  at  low  substrate 
concentrations,  at  high  concentrations  of  substrate  the  reaction  follows 
zero  order  kinetics  (cf.  Chapter  7,  p.204).  A  similar  situation  arises  when 
heterogeneous  systems  are  considered,  or  indeed  whenever  a  ‘saturation’ 
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reactant.  The  full  equation  for  the  course  of  a  single  enzymic  reaction 
is  sufficiently  complicated  to  make  the  expression  for  the  overall  rate 
of  a  series  of  reactions  unwieldy  and  it  is  not  uncommon  to  find  in 
theoretical  discussions  of  biochemical  kinetics  that  an  enzymic  reaction 
is  assumed  to  be  either  first  or  zero  order  at  low  and  high  substrate 
concentrations,  respectively. 

The  general  characteristics  of  systems  containing  consecutive  first 
and  zero  order  reactions  may  be  examined  by  considering  the  most 
simple  formal  scheme 

A— 


where  k:  is  a  first  order  and  k0  a  zero  order  rate  constant.  The  rate 
equations  for  the  system  are 

— dcijdt  =  kfl 
db/dt  =  kta  —  k0 
dcjdt  =  k0 

Integration  of  these  equations  gives 

a  =  a0Q~kl> 

b  =  a0{  1  —  Q~klt)  -  k0t 
c  =  k0t 


It  is  evident  that  the  zero  order  reaction  functions  as  a  rate-determining 
step  for  the  overall  reaction,  so  that  C  accumulates  at  a  constant 
rate.  A  disappears  exponentially,  so  that  the  concentration  of  B  first 
rises  and  then  falls.  The  above  equations  do  not  fully  describe  the 
behaviour  of  experimental  systems,  for  at  concentrations  of  B  which 
are  low  enough  the  second  reaction  would  not  in  fact  follow  zero 
order  kinetics.  The  properties  of  systems  containing  series  of  first  an 
zero  order  reactions  have  been  used  by  Hmshelwood  (1946)  in  the 
development  of  the  kinetics  of  adaptation  of  organisms  to  drugs 
The  metabolism  of  benzyl  alchol  in  the  rabbit  is  an  example  of  this 
type  of  reaction  system  (Bray  er  al.,  1951).  The  oxidation  of  this  com¬ 
pound  to  benzoic  acid  is  sufficiently  rapid  to  maintain  its  conjugation 
with  glycine  as  a  zero  order  process  throughout  almost  all  the  period 

of  its  metabolism. 
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a  closed  system,  according  to  the  nature  of  the  transport  terms,  the 
reduction  of  these  terms  to  zero  introduces  important  theoretical 
differences. 

Open  system  kinetics  are  of  fundamental  importance  in  dealing  with 
living  organisms,  for  the  whole  organism,  its  organs  and  its  cells  and 
the  reaction  systems  within  the  cells  are  all  open  systems.  When  the 
organism  is  killed  and  the  kinetics  of  the  enzyme  reaction  systems  are 
studied  in  the  laboratory,  the  kinetics  of  closed  systems  are  usually 
applicable,  but  in  attempting  to  reconstruct  the  behaviour  of  reaction 
chains,  or  in  analysing  the  kinetics  of  most  processes  in  vivo ,  the  kinetics 
of  open  systems  must  again  be  applied. 

Even  for  simple  open  systems  the  mathematical  treatment  may  be 
complex,  but  some  important  features  common  to  almost  all  open 
systems  emerge  from  a  consideration  of  the  simplest  of  such  systems. 

Consider  the  concentration  of  a  substance  A  which  diffuses  into 
the  system  from  a  reservoir  of  constant  concentration,  S,  the  ‘source’, 
and  which  diffuses  out  of  the  system  into  another  reservoir  of  constant 
concentration,  Z,  the  ‘sink’.  The  concentration  of  A  inside  the  system 
may  be  imagined  to  be  kept  uniform  by  rapid  stirring  and  the  concen¬ 
trations  of  the  reservoirs  kept  constant  either  by  virtue  of  their  rela¬ 
tively  great  volume  or  by  means  of  some  controlling  mechanism. 

The  system,  with  the  appropriate  concentrations  and  rate  constants, 
may  be  written 


The  rate  equation  is 


As  ~ 


o< 


A  it 


a 


A, 


z 
<* z 


dajdt 


Integration  gives 


ki{a, s  —  a)  —  k2{a  —  az) 
k ias  +  k2az  —  {kj  - f-  k2)a 


a  = 


k ,as  -f-  k2az 
ki  +  k2 


U- 


kjOg  T  k2a z  ^ 

ki  +  k0 


(109) 

Where  a0  is  the  concentration  of  A  in  the  system  at  zero  time  As  t 
increases  the  exponential  terms  tend  towards  zero  and  the  conceit 

te  tirr^-  hTherieai,y  * = 

exponential  terms  become  vanishingly  small  ’  h  ‘he 

the dfffusi^n  constants, ^are  equated  toZCTo  1 ^ 

and  the  initial  concentration  of  A  does  not  ^ 
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that  although  an  open  system  shades  gradually  into  a  closed  system 
as  kj  and  k2  diminish  in  value,  in  that  the  concentration  of  A  takes 
longer  and  longer  to  approach  the  constant  (steady  state)  value,  the 
situation  changes  qualitatively  when  the  transport  terms  disappear. 

The  above  analysis  holds  if  the  diffusion  constants  are  replaced  by 
first  order  rate  constants  of  chemical  reactions,  for  it  has  been  shown 
that  the  two  may  be  considered  formally  equivalent  (p.  161).  The 
situation  then  becomes  one  which  has  already  been  treated  in  discussing 
the  steady  state  approximation  (p.  167)  in  kinetic  equations.  If  k2  ;>  Ar;, 
the  concentration  of  A  is  very  small  compared  with  that  of  the  source, 
so  that  either  the  rate  of  change  of  a  is  negligible,  or,  if  it  is  large,  the 
time  during  which  it  is  so  must  be  short. 

An  open  system  containing  a  chemical  reaction  may  be  treated  in 
a  similar  way.  The  system 


as 


a 


h2 


k_2 


B 


k3 


->  B, 


will  be  taken  as  an  example.  Formulating  the  rate  equations 

da/dt  =  kj(as  —  a)  +  k_2b  —  k2a  (HO) 

dbjdt  =  k2a  —  k_2b  —  k3(b  —bz)  (111) 


and  solving  directly  for  the  concentrations  of  A  and  B  in  the  steady 
state  ( as  and  bs)  by  equating  the  net  rate  of  change  to  zero  (i.e.  da/dt  = 
db/dt  =  0)  gives 

as  =  (k2k_2as  +  kjkflg  +  k_2k3bz)l(k1k_2  +  kjk3  +  k2k3)  (112) 

bs  =  {k]k2as  +  kjk3bz  +  k^M/fak^  +  k3k3  +  k2k3)  (113) 


Similar  expressions  may  be  derived  for  any  open  system  of  this  type. 

Equations  (112)  and  (113)  show  that  the  concentrations  of  the  com¬ 
pounds  involved  in  the  steady  state  of  an  open  system  are  constant 
under  the  conditions  prescribed,  although  material  continuously 
passes  through  the  system.  It  is  important  to  note  that  the  exPr<;SnS'0"S 
for  ^  and  ^  are  independent  of  the  initial  concentrations  of  A  and  B, 
so  that  the  steady  state  depends  on  only  rate  constants  and  on  the  con¬ 
centrations  of  A  and  B  in  the  source  and  sink. 

It  is  of  interest  to  compare  the  steady  state  of  an  open  system  wi 
the  equilibrium  state  of  a  closed  system.  Both  are  time-invariant  state 
but  their  properties  differ.  A  closed  system  depends  on  neithei  intake 
nor  excmhon  and  does  not  require  the  provision  of  energy  for  ts 
nittimiph  it  is  a  site  of  continuous  chemical  activity. 

.... 
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drawn  from  the  source  and  is  modified:  the  free  energy  of  the  source 
material  is  partially  lost.  This  arrangement  is  common  in  metabolic 
processes  and  will  be  discussed  in  Chapter  8  (p.  254). 

The  composition  of  an  equilibrium  mixture  depends  on  the  initial 
concentrations  of  the  reactants,  but  the  steady  state  concentrations  are 
independent  of  their  starting  values.  If  an  additional  amount  of  a 
reactant  is  introduced  into  an  equilibrated  closed  system,  the  con¬ 
centrations  of  all  the  reactants  in  the  new  equilibrium  mixture  will 
differ  from  those  in  the  original  mixture.  An  open  system  will  return 
to  the  original  state  after  such  a  disturbance. 

The  theoretical  significance  of  the  steady  state  in  biological  open 
systems  is  clear.  The  organism  as  a  whole  and  the  individual  cell  may 
be  said  to  exist  by  virtue  of  their  ability  to  absorb  nutrient  material 
and  excrete  end-products  of  metabolism:  they  have,  therefore,  an 
obvious  resemblance  to  open  chemical  systems. 

There  are  two  ways  in  which  the  properties  of  the  steady  state  of  an 
open  system  may  be  regarded  as  having  biological  implications. 
According  to  du  Noiiy  (1936),  the  organism  as  a  whole  may  be 
regarded  as  an  open  system  approaching  its  steady  state  as  the  life 
cycle  proceeds.  Death  is  the  transition  to  a  thermodynamic  equilibrium. 
On  the  other  hand,  an  organism,  cell  or  individual  metabolic  process 
may  be  regarded  as  an  open  system  very  nearly  in  its  steady  state,  but 
undergoing  very  slow  changes  as  the  organism  ages,  i.e.  slow  compared 
with  the  rates  of  the  chemical  reactions  involved. 

In  a  given  species,  growth,  in  general,  results  in  the  formation  of 
individuals  of  similar  size,  proportions,  structure  and  metabolic 
ability,  whatever  (within  limits)  the  history  of  growth  has  been.  This 
pioperty  is  termed  equifinality  and  may  be  compared  with  that 
possessed  by  open  chemical  systems  in  that  the  composition  of  the 

steady  state  does  not  depend  on  the  initial  concentrations  of  the 
materials  concerned. 


„  ?fffnJS2S  are  t0  3  large  extent  self‘reguIatory.  This  property  is  also 

fs  ar  °pen  SyStem  in  itS  Steady  state’  since’  if  a  stimulus 

s  applied  to  it,  it  can  react  in  such  way  that  the  steady  state  is  re¬ 
established,  or,  if  the  stimulus  continues  to  act,  so  that  it  assumes 
another  steady  state.  For  example,  if  a  stimulus  is  applied  to  the  system 
drscussed  above  so  that  k2  increases,  the  concentration  of  A  will  fen 

ta  !  1  W,U  riSC'  T,he  rate  0f  influx  of  A’  being  proportiona  l" 
wmtiln  n  BnCret,aSn  ?"d  "  Wll‘  tend  t0  be  maintained.  The  rate  of 

r=  vs  -.mas  s  svs 
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resembling  homeostasis  in  organisms,  illustrating  the  principle  of 
le  Chatelier  (p.  74).  If  the  stimulus  continues  to  act,  a  new  steady  state 
will  be  established:  this  adjustment  is  akin  to  metabolic  adaptation. 

Organs  approach  more  closely  than  do  large  organisms  to  open 
systems  in  their  steady  states,  since  they  use  mainly  blood  as  their 
reservoirs  and  its  composition  is  maintained  constant  to  a  remarkable 
degree.  Similarly  the  individual  cell  is  an  open  system  in  an  environment 
of  effectively  constant  composition. 

In  the  first  open  system  considered  above,  consisting  of  two  diffusion 
processes,  the  concentration  of  the  single  constituent,  A,  of  the  open 
system  is  given  by  an  equation  (equation  (109))  containing  one 
negative  exponential  term:  a,  therefore,  must  approach  the  steady 
state  value  progressively  as  I  increases,  whatever  the  values  of  the 
parameters  of  the  system.  For  the  open  system  containing  a  reversible 
chemical  reaction  (p.  172),  however,  different  types  of  behaviour  are 
possible.  Consider  the  system  shown  on  page  172:  when  equations 
(110)  and  (111)  are  solved  in  full,  the  solution  contains  two  exponential 
terms  (cf.  Burton,  1939),  i.e. 


a'  =  +  c2e  X*1  (114) 

b'  =  c3e~Xlt  +  c4e~X2t  (H5) 


where  a'  =  a  —  as  and  b'  =b  —  bs.  The  new  variables  a  and  b' 
are  the  differences  between  the  instantaneous  concentrations  a  and  b 
and  the  steady  state  values,  as  and  bs.  A?  and  A,  are  the  foots  of  the 
so-called  ‘characteristic’  equation 


A*  +  A(/:i  +  k.,  +  A'_2  4-  k3 )  +  ( k4k3  +  k4k_2  +  k2k3)  0  (116) 

The  coefficients  c„  c2,  c3  and  c4  may  be  evaluated  if  the  initial  and 
final  conditions  are  known.  Suppose  that  parameters  defining  t  e 
steady  state  are  changed,  so  that  the  system  moves  to  a  new  steady 
state.  Then,  if  the  differences  between  the  first  and  second  steady  state 

values  are  Aa  and  A b, 

C  j  =  \(kj  +  k2  —  A2)A  a  —  k  _2&b\l(A.1  A..) 

Co  =  [(kj  +  k2  —  A7)A<7  —  £_,A/>]/(A,  —  Ao) 

C3  =  [k2ka  +  (kj  +  k2  -  A;)AZ>]/(A;  -  A,,) 

C4  =  [k2Ha  +  (kj  +  k2  -  A2)A6]/(Ai  -  A,,) 

Values  of  a  and  b  may  now  be  derived  for  any  value  of  t,  using  equations 

0  Onaccoirnof  the  presence  of  two  exponential  ‘--j  equations 
(114)  and  (115),  the  system  under  discussion  is  capable 


(117) 

(118) 
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behaviour  wider  than  that  possible  for  simple  systems.  Since  the 
exponents  are  negative,  it  follows  that  as  1  increases  the  exponential 
terms  approach  a  value  of  zero  and  hence  the  system  eventually  attains 
a  steady  state.  The  transition  of  the  concentrations  to  this  state  need 
not,  however,  follow  a  ‘die-away’  curve:  for  certain  values  of  the 


Fig.  37  Transitions  from  one  steady  state  concentration  (X)  to  another  (Y). 
A:  exponential  approach,  B:  ‘overshoot’,  C:  ‘false  start’  (after  Denbigh 

etal.,  1948) 


coefficients  ct  the  concentrations  may  for  a  time  move  away  from  the 
steady  state  values  and  then  return  (Fig.  37).  For  instance,  a  or  b  may 
move  from  one  steady  state  to  another  along  a  transition  curve  of 
damped  oscillations.  The  condition  for  a  single  oscillation  (‘overshoot’) 
is  that  a'  or  b'  should  attain  a  zero  value  at  a  finite  time,  th  as  well  as 
at  1 00.  Setting  a'  at  zero  in  equation  (114) 


=  -Cl/c2 

For  t,  to  be  positive  and  finite,  either 


xi  >  h,  i-e.  — (c7/c,)  >  1 
<  L,  i.e.  0  <  — (c jIc2)  <  1 


Substituting  for  c;/c,  from 
condition  becomes 


equations  (116),  (117)  and  (118),  the 


[(ki  +k2  -k_2  ~k3y  +  4 k2k_2y  <  [{kj  +  ks 


-k_2-k3)-2k_2/Sb/Aa] 
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Starting  from  any  initial  state,  so  that  A6/A«  may  have  any  value,  it 
is  evidently  possible  for  this  condition  to  be  fulfilled.  Examination  of 
the  equations  produced  by  changing  as,  bs,  kh  k3,  k2  or  k_2  shows 
that  only  a  change  in  k2  or  /c_2  can  fulfil  the  above  condition  and  that 
‘overshoot’  occurs  for  a  when  kt  >  k3  and  for  b  when  kx  <  k3.  If  the 
central  reaction  is  irreversible,  b  alone  is  capable  of  ‘overshoot’. 

It  is  of  considerable  interest  that  open  systems  can  show  this  kind 
of  behaviour,  for  it  is  found  also  in  biological  systems,  as  in  ‘oxygen 
debt’  and  in  the  disturbance  of  the  blood  sugar  level  in  mammals  and 
of  the  oxygen  consumption  of  bacteria. 

Further  analysis  of  the  simple  system  considered  above,  containing 
a  single  reversible  reaction,  shows  that  the  phenomenon  known  as 
‘false  start’  may  also  occur.  In  this  the  concentration  of  a  reactant 
which  is  changing  from  one  steady  state  level  to  another  may  start 
by  moving  in  the  direction  away  from  the  new  steady  state  and 
subsequently  return  (Denbigh  et  al.,  1948).  This  is,  in  a  sense,  the 
opposite  phenomenon  to  ‘overshoot  (Fig.  37).  An  example  of  false 
start’  is  provided  by  the  respiration  ol  onion  root  tip  (Zimmerman 
et  al. ,  1951).  The  rate  of  respiration  is  normally  independent  of  the 
precise  concentration  of  oxygen  present.  On  stimulating  the  root 
tip,  e.g.  by  changing  the  oxygen  pressure,  the  respiration  becomes 
first  order  with  respect  to  oxygen  and  actually  changes  in  a  direction 
away  from  the  new  steady  state  which  is  finally  established. 

With  more  complex  systems,  more  complex  transition  cuives  may 
be  obtained.  For  example,  with  two  successive  reversible  reactions, 
‘overshoot’  may  occur  more  than  once  before  the  new  steady  state 
is  reached  asymptotically.  It  is  notable  that  oscillat.on  cannot  be 
prolonged  indefinitely  in  such  systems.  Since  many  physiological 
phenomena  occur  according  to  a  regular  rhythm,  continued  oscilauon 
is  of  particular  interest.  It  is  suggested  (Denbigh  el  al.,  1948)  that 
coupling  of  two  or  more  open  systems  might  yield  such  a  resu  t 
The  dominant  role  of  the  diffusion  constants  connecting  the  chemical 
reaction  system  with  the  source  and  sink  suggests  that  diffusion  m  y 
" LoTv  a  dete Ji hing  role  in  more  complex  systems.  There  is  evidence 

nervous  system  and  leceptors.  reactions  to  imitate  such 

The  ability  of  open  systems  of  chemicalreactions 
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difference  between  simple  chemical  systems,  such  as  those  considered 
here,  and  organisms,  but  it  is  evident  that  the  properties  of  open  systems 
of  chemical  reactions  are  likely  to  provide  a  suitable  basis  for  the  investi¬ 
gation  of  physiological  processes.  The  biological  implications  of  open 
system  kinetics  should  not  be  underrated  on  account  of  the  relative 
simplicity  of  the  systems  which  have  so  far  been  considered. 


RATE-LIMITING  STEPS 

A  property  of  open  systems  in  the  steady  state  which  is  of  considerable 
importance  is  the  existence  of  rate-limiting  steps.  The  conditions  which 
govern  their  existence  are  different  from  those  which  operate  in  closed 
systems  (p.  168).  In  an  open  system  in  the  steady  state  the  concen¬ 
trations  and  rate  constants  are  adjusted  so  that  all  the  reactions  involved 
proceed  at  equal  rates. 

Two  kinds  of  reaction  may  become  rate-determining  steps.  The 
first  of  these  is  an  irreversible  reaction.  In  a  chain  of  reactions  in  a 
steady  state  no  reaction  after  the  first  irreversible  reaction  plays  any 
part  in  determining  the  overall  rate.  Secondly,  a  zero  order  reaction 
in  the  chain  determines  the  overall  rate.  Should  there  be  an  irreversible 
reaction  before  a  zero  order  reaction,  a  steady  state  is  impossible. 
Zero  order  reactions  are  common  in  biological  systems.  It  is  generally 
found  that  in  the  steady  state  the  reaction  rate  increases  to  a  maximum 
as  the  concentration  of  substrate  increases.  This  is  essentially  due  to  the 
presence  of  a  limited  concentration  of  an  essential  component,  e.<*. 
a  catalyst. 

This  phenomenon  must  be  considered  in  enzyme  kinetics  and  in 
this  connection  Michaelis  and  Menten  (1913)  formulated  a  treatment 
which  is  still,  in  its  essentials,  generally  accepted.  Consider  a  system 
of  two  successive  reactions  J 


k-i 


C 


where  the  enzyme  present  in  fixed  amount,  occurs  in  the  free  state 
(E)  or  as  a  complex  (C)  with  substrate  (S):  P  is  the  product  of  the 

theTm'  ASS?mmgftha! there  is  a  §reat  exeess  of  substrate  (cf.  p.  204) 
the  rate  equations  for  the  system  are  ^  ’ 


de/dr  =  k,s(e  -  c)  -  (k_,  +  k,,)c 
-dc/dr  =  k,s(e  —  c )  —  k_,c 


rvoc 

sWuhbsrterate,iS(ethe ciXtofTt  en°/v  ^  TP! “  *  a"*  *  that  of 

KINETICS  at  of  free  enzyme  and  p  that  of  product.  To  facilitate 
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a  complete  solution  it  is  assumed  that  the  steady  state  approximation 
is  applicable.  The  steady  state  has,  in  fact,  been  shown  to  be  achieved 
in  a  fraction  of  a  second,  so  that,  in  practice,  dc/dt  =  0. 

Therefore 

kjs(e  —  c)  —  (k_j  +  k2)c  =  0 

or 

s(e  —  c)/c  =  (k_j  +  k2)lk{  =  KM  (119) 

The  ratio  of  rate  constants  in  equation  (119)  is  identified  with  a  steady 
state  constant,  KM  (the  Michaelis  constant).  Rearranging  equation 
(119), 

c  =  esj(KM  +  s) 

The  overall  velocity  of  reaction  (v)  is  given  by 

v  =  k2c  =  dpjdt  —  —ds/dt  =  k2esj(KM  +  s) 

When  s  KM 

v  =  k2esjKM 

and  the  reaction  is  first  order  with  respect  to  substrate.  When  5  >  KM 


v  =  k.,e  =  v 


max 


and  the  reaction  is  zero  order. 

In  general’  u  =  W /(*»  +  s)  «120> 

and  the  order  of  reaction  is  fractional.  The  reaction  varies  between 
first  and  zero  order  with  respect  to  S  as  5  increases  and  is  first  order 

W' WPalmostena^mbioehemical  reactions  are  enzyme-catalysed  the 
‘saturation  effect’  (p.  169)  is  common.  The  smallest  zero  older  ra 
constant  in  the  reaction  chain  determines  the  maximum  rate  of  reaction 
of  a  steady  state  system.  This  constant  is  rate-controlling  only  for 
high  concentration/ of  substrate:  other  constants  may  be  rate-con- 

trolline  at  low  substrate  concentrations. 

Thegmathematics  involved  in  the  exact  treatment  of  the  kinetics  o 

zss.-sssr.  sr-SES* — ^ 

has  shown  that  \  (121) 

v  =  vmaasil{KMi  +  so 

f0, ».«».  m  !!»““ 

£.223*1*2 .  .y.'»  » I"  F” 
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Slater  (1949)  showed  that  the  oxidation  of  /7-phenylene  diamine  and 
other  substrates  by  a  heart  muscle  preparation,  via  the  electron  pathway 

/?-phenylene  diamine — cytochrome  c — cytochrome  oxidase — 02, 

followed  the  kinetics  of  equation  (121). 

The  saturation  effect  is  observed  in  certain  permeability  studies. 
The  transfer  of  a  substance  through  a  membrane  in  the  organism 
cannot  always  be  accounted  for  in  terms  of  simple  diffusion.  For 
instance,  when  glucose  is  present  at  high  concentrations  the  concen¬ 
tration  differences  between  the  two  sides  of  the  membrane  appear  to 
be  reduced  very  slowly,  while  at  low  concentrations  equilibration 
appears  to  be  rapid.  This  is  contrary  to  Fick’s  law,  which  asserts  that 
the  rate  of  equilibration  should  be  a  function  only  of  the  concen¬ 
tration  difference  and  not  of  the  absolute  concentrations.  This  pheno¬ 
menon  has  been  attributed  to  the  membrane  being  impermeable  to 
glucose,  but  permeable  to  a  ‘carrier’  molecule  which  may  combine 
with  glucose.  An  important  feature  of  such  a  mechanism  is  that  no 
work  is  done,  for  the  glucose-carrier  complex  is  supposed  to  move 
only  in  the  direction  required  by  the  concentration  gradient.  This 
type  of  diffusion,  on  account  of  its  similarity  to  enzyme  activity,  may 
be  called  ‘catalysed  diffusion'. 


Widdas  (1952)  derived  the  kinetics  for  the  transport  of  glucose 
across  the  placenta  of  sheep  and  was  able  to  account  for  the  anomalous 
findings  in  terms  of  catalysed  diffusion.  Other  workers,  e.g.  LeFevre 
and  LeFevre  (1951-2)  and  Fisher  and  Parsons  (1953),  have  also  investi¬ 
gated  hexose  transport.  Three  assumptions  are  made: —  (i)  the  carrier 
adsorbs  only  glucose;  (ii)  at  each  interface  of  the  membrane  the 
carrier  comes  into  equilibrium  with  the  glucose  dissolved  in  the 
ambient  liquid;  (m)  the  carrier  passes  to  and  fro  across  the  membrane 


on  account  of  thermal  agitation,  as  in  thermal  diffusion,  whether 
glucose  is  attached  or  not.  It  seems  likely  that  these  assumptions  are 

IDOrP  ric?r\rr\ne  f  o  +  1 . .  __  _  _  « 


6  =  kg/(kg  +  <£) 


e  equation  obtained  is  formally 
equation  (equation  (120),  p.  178). 
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The  overall  rate  of  transport  (v)  will  be  equal  to  the  difference  between 
the  rates  of  transport  in  opposite  directions  across  the  membrane,  i.e. 


=  K(0fn  -  0f ) 


y  /  Hm  *gf  \ 

'  +  <A  k gf  +  </>/ 


where  the  subscripts  m  and  f  refer  to  the  maternal  and  foetal  sides  of 
the  placenta,  respectively,  and  K  is  a  constant.  If  the  concentrations  are 
very  small  relative  to  <f>  the  equation  may  be  simplified  to 


v  = 


Kk 

4> 


i.e.  the  rate  is  proportional  to  concentration  difference,  as  in  simple 
diffusion.  At  high  concentrations,  where  </>  is  relatively  very  small 


Efficient  operation  under  normal  conditions  would  require  about  50  /0 
saturation  of  the  carrier,  so  that  may  be  of  the  same  order  as  kgr, 
where  is  the  ‘resting’  concentration  of  glucose.  Equation  (122)  was 
found  to  apply  to  the  placental  transfer  of  glucose  at  high  concen¬ 
trations  in  the  sheep.  Experimental  values  obtained  by  Widdas  are 
given  in  Table  17:  it  was  actually  observed  that  the  net  glucose  transfer 


TABLE  17 

Maternal  and  foetal  blood  glucose  concentrations  (Widdas,  1952) 


MATERNAL  GLUCOSE 

TIME 

CONCENTRATION  ( gm ) 

(MIN.) 

(mg./100  ml.) 

30 

528 

60 

344 

90 

280 

120 

228 

150 

183 

180 

157 

FOETAL  GLUCOSE 

CONCENTRATION  ( gf ) 

m  < 

(mg./ 100  ml.) 

185 

343 

169 

175 

150 

130 

132 

96 

113 

70 

91 

66 

(1  Igf-  U?m) 


00035 
0.0030 
0  0031 
00032 
00035 
00046 


...  —  during 

that  the  conditions  are  not  compatible  wth  an  expiaM  ^  expected 

sf;r  thf :r,,  ts:--  ^ 
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on  the  competition  of  sugars  for  entry  into  human  erythrocytes  ( Widdas, 
1954;  LeFevre,  1954)  confirm  the  validity  of  the  kinetic  equations. 
The  nature  of  the  carrier  and  the  details  of  the  reactions  concerned  are 
not  known. 

Another  type  of  system  in  which  the  saturation  effect  is  shown  is 
discussed  by  Rashevsky  (1948)  and  concerns  whole  cells  and  tissues. 
Although  a  cell  has  a  complex  structure  and  the  chemical  reactions 
which  occur  within  it  are  spatially  organised,  it  is  sometimes  convenient 
to  neglect  these  facts,  so  that  kinetic  problems  may  be  simple  enough 
to  treat  theoretically.  The  simplifying  assumptions  may  be,  for  example, 
that  the  cell  contains  a  homogeneous  liquid  of  uniform  enzymic 
composition  and  that  it  is  spherical  in  shape.  Such  simplifications 
yield  results  which  may  be  said  to  apply  to  a  ‘metabolising  drop’ 
rather  than  to  a  cell.  Nevertheless,  such  results  are  valuable,  for  they 
help  to  bridge  a  gap  between  our  knowledge  of  the  dynamics  of 
chemical  processes  on  a  laboratory  scale  and  our  ignorance  of  such 
small,  complex  entities  as  cells. 

Rashevsky  derived  mathematical  models  of  various  kinds  of  system, 
based  on  the  diffusion  equation  (p.  161)  and  on  simple  assumptions 
concerning  the  rates  of  metabolic  processes,  it  being  assumed  also 
that  a  stationary  state  exists  in  the  cell,  i.e.  the  amount  of  substance 


produced  or  consumed  in  the  cell  is  equal  to  that  entering  or  leaving  it. 
This  approach  is  applied  to  such  theoretical  systems  as  a  spherical 
cell  in  a  medium  of  infinite  extent  in  which  a  substance  is  produced 
at  a  constant  rate,  to  a  cell  producing  or  consuming  a  substance  at  a 
rate  proportional  to  its  concentration  (i.e.  autocatalytically)  or  to  a 
cell  in  which  a  chain  of  reactions  of  the  common  respiratory  type  occurs. 
Where  the  conditions  chosen  are  similar  to  those  used  by  other  workers 
for  experimental  observations,  Rashevsky  has  shown  good  agreement 
between  theory  and  experiment.  An  example  is  illustrated  in  Fig.  38. 

e  concept  ot  rate-limiting  steps  provoked  much  work  on  the 
temperature  variation  of  the  rate  of  reactions  and  of  physiological 

If  a  partKlcularu  rate  constant  in  a  reaction  system  remains 
te-determinmg  throughout  the  temperature  range  studied  the 
variation  of  the  observed  rate  with  temperature  can  be  used  to  calculate 
e  eneigy  of  activation  of  the  rate-determining  reaction  which  in 

r  mal  e,KP  t0  dUCidate  the  nature  of  the  reaction.  An  e’xponential 
relationship  between  temperature  and  reaction  rate,  howeve^  applies 

a  uniauervaX|',rfte  y,h°  bloloSical  syste™,  and  it  is  difficult  to  determine 
a  unique  value  for  the  activation  energy  The  kinetirc  nf  mr,ri0i  ♦ 

have  been  studied  from  the  point  of  view  of  r!  1  ,  ySt6mS 

temperature  coefficients  by  Stearn  (1949)  Hea™  n o^r!”8  and 
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variation  may  be  controlled  by  a  rate-limiting  step,  there  is  no  reason 
to  expect  this  in  general  and  it  is  difficult  to  select  systems  in  which 
it  occurs  on  the  basis  of  rate  data  alone. 


SIMULTANEOUS  REACTIONS 
Consider  two  first  order  reactions,  as  follows 

B  <  kla  -  A  klb->  C 


The  rate  equations  are 

— dajdt  =  ( kla+  klb)a  =  db/dt  +  dc/dt 

The  disappearance  of  A  is  governed  by  an  equation  in  which  (k,a  +  k:l) 
Sms  a  composite  first  order  constant.  As  in  the  solut.on  of  a  stngle 

irreversible  first  order  reaction  (p.  160) 


a  =  a0Q-{kla+kn)l 

so  that 

and 

db/dt  =  klaa0e-(kla+klb)t 

(123) 

,  kja  + 

kla  +  klb 

Similarly 

kll,  /J  _ 

kla  +  klb 

(124) 
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By  dividing  equation  (123)  by  equation  (124) 

tyc  =  kjklb 

i.e.  when  simultaneous  first  order  reactions  occur  the  amount  of 
substance  transformed  is  partitioned  among  the  different  pathways  in 
the  ratio  of  the  rate  constants.  This  finding  has  some  interesting  con¬ 
sequences.  For  instance,  in  studies  with  isotopically-labelled  substances, 
the  labelled  compound  may  be  partitioned  among  one  major  and  several 
minor  pathways.  Snyderman  and  Wu  (1950-1)  administered  15N- 
labelled  aspartic  acid,  the  15N  being  excreted  partly  as  urea,  the 
remainder  suffering  other  fates.  These  workers  were  able  to  derive 
a  simple  formula  for  the  rate  of  excretion  of  15N  as  urea,  assuming 
that  the  partition  could  be  allowed  for  by  inserting  a  factor,  a,  which 
was  the  ratio  of  15N  recovered  as  urea  to  that  administered  (cf.  p.  1 90). 
Another  consequence  is  used  by  Hinshelwood  (1946)  in  his  model  of 
the  bacterial  cell.  At  low  substrate  concentrations,  when  the  enzymic 
reactions  which  occur  may  be  considered  to  be  of  the  first  order,  the 
amounts  of  metabolites  following  various  pathways  are  in  constant 
ratio.  At  higher  substrate  concentrations  an  enzyme  concerned  in  one 
pathway  may  be  saturated  before  the  others,  so  that  the  pathway  which 
is  most  able  to  maintain  conditions  under  which  its  enzymes  operate 
according  to  first  order  kinetics  will  be  of  major  metabolic  importance. 
The  same  idea  has  been  used  by  Spiegelman  (1945)  in  his  account  of 
the  regulation  of  differentiation  through  competition  for  nutrient 
material  by  the  tissues  concerned  (cf.  p.  316).  A  simpler  illustration  of 
t  e  same  principle  is  available  in  the  closed  system  kinetics  which 
*he  fate  of  Pheno1  or  benzoic  acid  in  the  rabbit  (Bray  et  al. 
952b).  Equations  describing  the  kinetics  of  simultaneous  first  and 
zero  order  reactions  must  first  be  derived.  Consider  the  system 

B  * — — —  A  — — — >  c 

The  rate  equations  are 

— da/dt  =  db/dt  +  dc/dt  =  kta  +  k„ 

Integrating, 


a  =  a0Q~kil  +  ^  _  j  ) 

kj 


where  a0  is  the  concentration  of  A 
means  of  a  zero  order  reaction,  c 


at  zero  time.  As  C  is  formed  by 
—  k0t,  and  since  a  +  b  +  c  =  a 

14  0 


b  -  a0  ~  [k0t]  —  [a0e~k i'  +  ^ 

=  {do  +  k0/kj)(  1  —  e~*J')  —  kot 
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The  reaction  will  be  complete,  in  finite  time,  for  A  disappears  at  a 
constant  rate  (db/dt)  plus  a  diminishing  rate  ( dc/dt ).  Let  a  =  0  when 
t  =  tm:  then  a0  =  b  +  c 


iflo  +  ko/kjX  1  -  Q~kltm)  =  a0 


i.e. 


and 


kj  k0  +  kjQo 


When  a  large  dose  of  phenol  is  given  to  a  rabbit  it  is  conjugated  with 
either  sulphuric  or  glucuronic  acid,  according  to  first  and  zero  order 
kinetics,  respectively.  The  larger  the  dose  the  greater  is  the  proportion 
of  glucuronide  formed.  At  very  low  dose  levels,  however,  there  is  no 
saturation  effect  in  ethereal  sulphate  formation  and  both  conjugation 
processes  follow  first  order  kinetics,  the  dose  being  partitioned  between 
the  two  in  a  constant  ratio  (p.  183).  A  similar  result  is  achieved  by 
providing  extra  sulphate  for  conjugation  when  larger  doses  are 
metabolised.  An  even  more  striking  effect  is  observed  with  benzoic 
acid  (Bray  et  al. ,  1951).  At  low  dose  levels  this  is  conjugated  with 
glycine  or  with  glucuronic  acid  and  both  processes  appear  to  follow 
first  order  kinetics.  The  rate  constant  for  the  glycine  conjugation, 
however,  is  so  much  greater  than  that  for  glucuronide  formation  that 
only  hippuric  acid  can  be  detected  in  the  urine.  On  the  other  hand, 
at  a  critical  dose  level  the  reaction  with  glycine  becomes  a  zero  order 
process,  while  glucuronide  formation  remains  a  first  order  reaction, 
so  that  at  dose  levels  much  above  this  nearly  all  the  dose  is  excreted 
as  glucuronide.  The  large  doses  necessary  to  demonstrate  this  cannot 
be  administered  to  man,  but  are  commonly  given  to  dogs,  which  have 
almost  the  same  rate  constants  for  the  conjugation  processes.  It  is 
of  interest  that  the  effect  of  the  simple  reaction  kinetics  described  was 
i^ncr  mistaken  for  a  soecies  difference. 


a  precursor,  the  two  first  ore 
conjugation  has  the  greater 
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followed.  The  quantitative  difference  will  appear  to  be  qualitative  if, 
as  appears  to  have  happened  in  this  instance,  the  analytical  methods 
used  are  unable  to  detect  the  metabolites  produced  in  small  amount 
by  the  minor  metabolic  pathways. 

The  examples  described  above  involve  the  relatively  simple  metabolic 
processes  undergone  by  foreign  organic  compounds.  As  the  mechanisms 
of  normal  intermediary  metabolism  become  established  it  is  to  be 
expected  that  other  phenomena  will  be  found  to  be  explicable  in  terms 
of  the  theory  of  formal  reaction  kinetics. 


CYCLES 


Cyclic  reaction  systems  are  known  to  play  an  important  part  in 
metabolism.  An  elementary  form  of  a  cyclic  system  is  an  enzymic 
reaction  in  which  the  enzyme  passes  repeatedly  through  the  free  and 
bound  forms  (Fig.  39).  Cycles  of  more  than  two  reactants  are  also 


Fig.  39  Enzymic  reaction  as  a  cyclic  process. 
E  =  enzyme,  S  =  substrate,  C  =  enzyme- 
substrate  complex,  P  =  reaction  products 


frequently  found  in  metabolic  processes,  the  effect  of  some  of  them 

i„e'"i  °K  C,° "SerVe  matfia,1'  Some  of  the  most  important  participants 
h„.  ®tabollsm  are  ava,lable  to  the  organism  in  the  smallest  amounts 
but  mechan.sms  are  available  to  regenerate  such  materials  and  use 

of  ,h  Peated,y-  A  most  striking  example  is  provided  by  the  vitamins 

q  thC  “re  °f 

•  r  y  .  ,&en  acceptors.  The  daily  requirements  of  these  vita 

and  10  20nmapdU  fman  (?°  kg'l  are  1-2  m§'  of  thiamine  and  riboflavin 

d  mco,m™8add  TZ'l  “f  The  am°U'US  °f  thiamine>  nboflav  n 
0  4  and  5  mg  resDect  ^vg'  5  m°fSt  ammal  tissues  are  less  than  0  4, 

-o  tissues  which  are  mo^^^S 
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i.e.  about  0-6,  1-3  and  13  mg.,  respectively.  The  corresponding  co¬ 
enzymes,  which  probably  account  for  most  of  the  vitamins  present  in 
the  body,  are  concerned  in  the  oxidation  of  about  400  g.  carbohydrate 
and  a  large  proportion  of  70-100  g.  each  of  fat  and  protein  every  24  hr. 
It  is  calculated  that,  in  vitro,  the  ‘turnover  numbers’  (i.e.  the  numbers 
of  molecules  of  substrate  changed  by  one  molecule  of  enzyme  per 
minute)  of  enzymes  concerned  in  oxidation  processes  are  of  the  order 
of  103-105. 

More  complex  examples  of  regeneration  processes  are  found  in 
metabolic  cycles  such  as  the  citric  acid  and  ornithine  cycles.  In  these 
a  carrier  is  used,  in  the  first  case  to  act  as  a  nucleus  which  ‘fixes’  a 
molecule  while  it  is  degraded  and,  in  the  second,  as  a  nucleus  on  which 
a  new  molecule  is  synthesised. 

The  kinetics  of  metabolic  cycles  are  in  many  ways  similar  to  those 
of  reaction  chains.  The  kinetics  of  enzymic  reactions,  two-step  cyclic 
systems,  are  examined  in  detail  in  Chapter  7  (p.  204).  The  kinetic 
equations  for  larger  cycles  become  extremely  complex  and,  in  general, 
result  in  non-linear  equations  (cf.  Hearon,  1952).  The  results  which 
may  be  obtained  will  be  considered  in  brief. 

Unless  the  whole  system  is  in  equilibrium,  the  cycle  revolves , 
i.e.  the  clockwise  reactions  are  faster  than  the  anti-clockwise  reactions, 
or  vice  versa.  As  in  linear  systems,  a  steady  state  may  be  achieved. 
The  rate  of  rotation  of  the  cycle  will  depend  on  the  relative  concen¬ 
trations  of  substances  and  products  concerned  in  the  steps  of  the  cycles: 
the  greater  the  deviation  of  the  concentration  ratios  Sj/pj  etc.  (big.  4U) 
from  equilibrium  ratios  the  faster  will  be  the  rate  of  the  cyclic  reaction 

The  possibility  of  rate-determining  steps  is  diminished  for  all  the 
substances  in  the  system  are  connected,  even  if  some  of  the  steps  are 
irreversible.  An  irreversible  step  therefore  cannot  function  as  a  separate 
rate-controlling  reaction  as  it  can  in  a  linear  reaction  chain.  The 
Dresence  of  zero  order  reactions  (e.g.  in  an  enzyme-catalyse  s  ep) 
Sn  however  lead  to  control  of  the  overall  steady  rate  by  a  single 
rate  constant  i.e.  the  smallest  zero  order  rate  constant.  As  with  the 
imple  two-step  cycles  in  which  an  enzyme 's  ‘^yamer  the  satu 
effect  may  be  due  to  the  earner,  independently  of  the  possib.l  y  ^ 


SI 


rSXrK"  S'"  in“eases’  consmnTThTsteandyftateeratehof 

substrates  and  products  remaining  onstan^ .  the >  steady  ^  ^  ^ 

“amount  of  A  diminishes,  so  that 


REACTION  CYCLES 


187 


the  net  forward  reaction  rate  cannot  increase  indefinitely.  If  the  con¬ 
centrations  of  the  substrates  relative  to  each  other  are  maintained 
constant,  however,  the  rate  of  the  cyclic  system  can  increase  indefinitely. 


Fig.  40  Typical  cyclic  reaction  system.  A  is  a  carrier  molecule  (cf.  oxaloacetate 
in  citric  acid  cycle)  and  B,  C  and  D  derivatives.  S„  S2  etc.  are  reactants  and 

Pi,  P2  etc.  products 


ISOTOPIC  TRACERS  IN  REACTION  SYSTEMS 
Tissues  are  open  chemical  systems  which  in  a  mature  adult  may  be 
considered  to  be  in  a  steady  state.  This  idea  is  inherent  in  the  concern 
of  wear  and  tear  of  tissues  which  has  been  current  in  physiology  for 
many  years,  but  only  in  the  last  20  years  has  the  significance  and Stem 
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natural  sources.  It  is  important  how  '  Ut‘°n  “  th°Se  from  inan>mate 

exceptions.  Thorn  (195 l)Pfound  dihfferenTrea  t-n°te  ‘hat  lhere  are  some 
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et  al.  (1951)  showed  that  barley  seedlings  utilise  12C02  faster  than 
14C02.  Such  differences  are  to  be  expected  on  theoretical  grounds. 
The  errors  introduced  into  the  results  of  metabolic  investigations  will 
therefore  be  variable,  depending  on  the  degree  of  discrimination 
exercised  by  the  organism. 

In  addition,  the  labelled  atom  may  be  affected  by  reactions  incidental 
to  those  being  studied.  An  extreme  case  is  that  of  the  carboxyl  group 
in  which  it  is  necessary  to  label  the  carbon  or  oxygen  atoms  rather 
than  the  hydrogen  atom,  since  if  this  was  labelled  an  exchange  reaction 
with  the  hydrogen  atoms  of  water  would  take  place,  via  the  hydrogen 
ions  which  both  water  and  the  acid  form  in  solution. 

There  are  two  major  fields  of  biochemistry  in  which  tracers  are  used. 
In  the  first,  metabolic  pathways  are  elucidated.  A  characteristic  of 
this  approach  is  that  it  is  not  essential  to  establish  all  the  intermediate 
stages  of  a  reaction  system  before  an  unambiguous  interpretation  of 
results  can  be  made.  The  second  type  of  investigation  is  concerned 
with  the  evaluation  of  reaction  rates  in  the  intact  organism.  This  is  a 
much  more  difficult  problem,  since  a  knowledge  of  metabolic  pathways 
and  reaction  mechanisms  is  necessary  before  experimental  results  can 
be  interpreted  with  certainty  and  such  knowledge  is  at  present  very 
incomplete.  While,  therefore,  it  is  relatively  simple  to  obtain  experi¬ 
mental  results,  useful  information  about  reaction  rates  can  be  deduced 
only  on  the  basis  of  careful  reasoning  and  with  an  awareness  of  the 
assumptions,  both  implicit  and  explicit,  which  are  made.  In  the  following 
section  are  reported  a  number  of  experimental  studies,  followed  by  a 
brief  and  more  formal  theoretical  treatment.  It  is  possible  to  extend 
this  theoretical  treatment  considerably  (cf.  Reiner,  1953),  but  this 
is  not  done  here  since  experimental  results  with  which  to  compare 
the  deductions  are  not  available.  The  extensive  use  of  isotopic  tracers 
in  metabolic  studies  preceded  by  several  years  the  development  of  the 
theoretical  kinetics  of  the  corresponding  complex  reaction  systems. 
As  Reiner  has  pointed  out,  results  capable  of  clear  interpretation  from 
a  kinetic  point  of  view  can  be  obtained  only  from  experiments  designed 

reauires  a  knowledge  of  the  kinetics  of  both  open  and  closed  reactio 
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The  Rate  of  Turnover  of  Amino-nitrogen 


The  protein  of  an  organism  is  continuously  breaking  down  to  give 
amino-acids  and  being  synthesised.  The  reaction  system  contains 
much  protein  and  little  amino-acid,  although  the  thermodynamic 
equilibrium  favours  the  presence  of  little  protein  and  much  amino-acid. 
It  must  therefore  be  concluded  that  the  formation  of  protein  is  a 
coupled  process,  linked  to  energy-yielding  reactions.  The  detailed 
mechanism  of  protein  synthesis  is  unknown,  but  for  the  purpose  of 
treating  the  kinetics  the  reaction  may  be  written  as  a  normal  reversible 
reaction. 


amino-acids  ^  protein 

provided  that  it  is  understood  that  the  synthetic  process  is  not  spon¬ 
taneous.  This  simple  equation  must  therefore  not  be  used  in  arguments 
about  the  energetics  of  the  process.  Similar  remarks  apply  to  the 
relation  between  any  biological  polymer  and  its  constituent  units. 

If  the  organism  is  in  a  steady  state  the  concentration  of  amino-acids 
is  constant.  Not  only  protein,  but  also  other  molecules,  e.g.  creatine, 
are  built  up  from  amino-acids  and  the  amino-acids  themselves,  in 
common  with  other  small  molecules,  are  constantly  being  synthesised 
and  catabolised.  These  simple  molecules,  available  for  many  purposes 
and  present  in  effectively  constant  concentrations,  have  been  regarded 
by  biochemists  as  forming  ‘metabolic  pools’.  One  may  speak^of  an 
amino-acid  pool,  an  amino-nitrogen  pool,  a  urea  pool,  etc.,  meaning 
the  amino-acids,  amino-nitrogen  or  urea  present  in  the  body  or  some 
part  of  the  body,  which  may  for  some  purposes  be  regarded  as  a 
homogeneous  and  uniformly  available  quantity  of  substance.  Com¬ 
pounds  in  these  pools  are  at  constant  concentration  but  the  individual 
molecules  are  continually  being  replaced.  The  rate  of  this  replacement 
may  be  expressed  as  a  turnover  rate',  thus:  ^ 


amount  of  substance  removed  in  unit  time 


=  v 


total  amount  in  pool 
V  is  clearly  akin  to  a  first  order  rate  constant. 

u  (1950-1)  and  Wu  and  Snyderman  (1950-1)  considered  the  fate 
of  administered  aspartic  acid  labelled  with  ism  n,  ,•  ,  ate 

postulated  is  as  follows:-  The  reaCt,on  seheme 


amino-acid  derivatives 
(polymer  N) 


v. 


amino-acid  N 

(a) 


urea  N  (excreted) 

(u) 


rid  ale"  "[bt 
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kinetics  to  the  15N-labelled  aspartic  acid,  of  which  an  amount  a* 
was  administered,  the  amount  of  labelled  urea  excreted  (u*)  is  given  by 

u*  =  a*(l  -  c2e“^  -  c2e-*«* .  . .  c„e-*»‘  .  . .)  (125) 

(cf.  equation  (107),  p.  167),  where  kj,  k2  etc.,  are  velocity  constants  and 
Cf,  c2  etc.,  are  functions  of  ku  k2  etc.  Since  some  15N  appears  in 
compounds  other  than  urea,  this  expression  may  be  corrected  by 
multiplying  by  a  factor  a  (cf.  p.  1 83),  on  the  supposition  that  the  side- 
reactions  follow  the  same  type  of  kinetics  as  urea  formation,  giving 
the  equation 

u*  =  aaj(l  —  c;e-^  —  c2e~k2t .  . . ) 

Wu  and  Snyderman  assumed  that  as  t  increases  the  reaction  with 
the  smallest  velocity  constant  in  the  series  leading  to  urea  production 
eventually  becomes  the  rate-determining  step,  since  the  exponential 
term  containing  this  constant  decreases  in  value  least  rapidly.  Suppose 
that  this  reaction  is  that  responsible  for  the  term  cBe-*-*  in  equation 
(125).  Then 

u*  =  aa*(l  —  cne~knt)  (126) 

and 

duf/dt  =  aa*  cnknQ~knt 

As  the  system  is  supposed  to  be  in  a  steady  state,  urea  is  formed  at 
a  constant  rate,  say  vu.  Let  u*/u  be  the  isotope  ratio,  i.e.  15N/N,  in  the 
urea  excreted :  then  the  rate  of  excretion  of  the  isotope  is 

vu  u*/u  =  duf/dt  =  v.2$cnk,t'kn'  (127) 


From  equations  (126)  and  (127) 

u*/u  =  (aa*  -  u?)  kjvu 

Since  the  proportion  of  the  isotope  excreted  as  urea  (a)  and  the 
quantities  v„  u*  and  u*/u  may  be  determined,  the  value  of  k,  may 

be  calculated  by  graphical  methods. 

If  k„  is  accepted  as  the  rate  of  turnover  of  the  amino-acid  (metabolic) 

nool  i  e  v  =  oik  a  the  experimental  results  of  Wu  and  Snyderman 
indicate  that  in  the  human  adult  this  rate  is  4%  hr.'*  and  in  infents 
6-12°/  hr.-1.  The  size  of  the  metabolic  pool  of  nitrogen  (a)  is  0 
g  /kg  °in  adults  and  non-growing  infants,  but  0-5-0-8  g./kg.  in  growing 
fnfants  Assuming  that  the  major  fate  of  the  labelled  ammo-a  d 
other  than  excretion,  is  incorporation  into  proton,  re,  v  -vgl  « /_; 
the  rate  of  synthesis  of  protein  (»,)  was  found  to  be  10  mg.N/kg.  hr. 

SZ  rate'ccmstant  in  the  series  of 

consecutwe  chemical  reactions  and  physical  processes  (e.g.  diffus.on) 
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which  precedes  the  appearance  of  the  end-product,  urea,  in  the  urine: 
it  is  not  necessarily  the  constant  which  governs  the  turnover  rate  of  the 
compound  administered.  This  can  be  checked  only  on  the  basis  of 
knowledge  of  the  values  of  the  rate  constants  of  the  reactions  in  question. 
Wu  and  Snyderman  do  not  discuss  this  point  further,  but  the  principle 
may  be  illustrated  by  an  investigation  reported  by  Hoberman  et  al. 
(1948).  These  workers  administered  15N-labelled  creatine  and  measured 
the  rate  of  excretion  of  labelled  creatinine,  finding  a  rate  constant  of 
0-0164  day-1.  This  rate  constant  may  be  characteristic  of  any  of  the 
chemical  or  physical  processes  occurring  between  the  introduction  of 
creatine  and  the  excretion  of  creatinine.  There  are  at  least  three  suc¬ 
cessive  processes,  namely  the  chemical  transformation  of  creatine  to 
creatinine  in  muscle  and  the  transport  of  creatinine  from  muscle  to 
blood  and  from  blood  to  urine.  It  is,  however,  known  that  the  rate 
constants  for  the  transport  processes  are  of  the  order  of  18  day-1, 
so  that  it  is  likely  that  the  value  deduced  by  experiment  applies  to  the 
chemical  reaction. 


Size  of  Urea  Pool  (Rittenberg,  1951) 

The  hypothetical  system  considered  in  this  study  may  be  represented 
as  follows 


protein  nitrogen  pool 

\ 

vb\vs 

i 

dietary  Vg  metabolic  nitrogen  Vu  urea  nitrogen 
nitrogen  >  pool  (M)  >  (U) 


vt 

— >  urine 


other  nitrogenous 
excretion  products 


The  amounts  of  nitrogen  in  the  pools  and  the  rates  of  reaction  and 
transport  are  indicated  in  the  diagram 

In  _  .  .  o  • 


In  the  stationary  state,  vd 


+u  _  "  j  ~~  ’  %,<t  Vu  T  vx  and  vh  —  v0.  Let  u*  bo 

labe'M  urea  ln  the  p00|  is  u./u  and  4  Ia(e  or  CTere(ion  ofCfaPa||^ 


Integrating, 


du*/d/  =  vu  u*/u 


U*  =  U*  Q~vut/U 


(128) 
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The  amount  of  labelled  urea,  uf,  excreted  at  time  t,  is  therefore 
given  by 

uf  =  u?  -  u*  =  u*  (1  -  Q~v»tlu) 
or 

In  (1  —  uf/u*)  =  -vJlu 

Since  uf  is  known  and  uf  and  vu  can  be  determined,  a  plot  of 
In  ( 1  —  uf/u*)  against  t  yields  vju  and  hence  u.  In  addition,  u*/u 
can  be  determined  for  urea  in  samples  of  blood  at  various  times. 
By  dividing  equation  (128)  by  u*/u 

u  =  uf  (u/u*)  e_t,u'/!< 
which,  at  t  =  0,  reduces  to 

u  =  uf  (u/u*) 

Extrapolation  gives  the  value  of  u/u*  (=  u/uf)  at  t  —  0,  and  hence 

that  of  u.  .  ir  r^u.  • 

In  normal  adults  u  is  found  to  be  about  6  g.  nitrogen;  halt  ot  this  is 

excreted  in  eight  hours.  The  ‘urea  space’  is  the  volume  of  solution  that 
the  urea  pool  would  occupy  at  the  same  concentration  as  in  blood. 
It  is  found  to  be  30-35  litres,  corresponding  to  about  50  /0  of  the  body 

weight. 


Volume  of  Body  Water  (Schloerb  et  al. ,  1950) 

This  may  be  determined  by  injecting  a  small  amount  (w® )  of  D20  into 
the  oreanism  Assuming  rapid  mixing  and  a  negligible  increase  in  the 
folumfof  body  water,  the  concentration  of  D.O  at  zero  time  is  w> 
where  w  is  the  volume  of  body  water.  Since  w„* /w  may  be  determined  an 
w»  is  known  w  may  be  calculated.  In  fact,  mixing  is  not  instantaneous 
Tnd  wVw  at  zero  thne  is  determined  by  extrapolation  from  values  of 
w*/w  determined  at  intervals  after  mixing  is  complete.  It  is  lepor  e 
that  in  normal  humans  about  7-7%  of  the  total  body  water  is  replaced 
each  day,  so  that  w*/w  declines  according  to  the  equatio 

(129) 


w*/w  =  (w*/w)e_“  —  (w*/w)e 


-  0-0771 


Fig.  41  shows  the  disappearance  curve  of  D£  value 

individual  subject.  It  is  an  exP^  f  ^  term  w*/w  may  be 

of  k  =  0-072  day-  or  a  haWc  ofH  •  since  the 

evaluated  from  the  intercept  of  a  graph  ot  / 

logarithmic  form  of  equation  (1-9)  is 

In  w*/w  =  In  wf/w  —  kt 
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Fig.  41  Disappearance  of  D20  from  venous  serum  in  a  human  subject 

(Schloerb  et  al.,  1950) 


The  Rate  of  Protein  Synthesis 

If,  in  Rittenberg's  scheme  (p.  191),  «N  is  introduced  in  the  form  of 
ammo-acid,  a  value  can  be  derived  for  the  rate  of  protein  synthesis 

[■’  "J  '  le  steady  state-  After  the  instantaneous  introduction  of  the 
labelled  ammo-acid  in  a  quantity  (a*)  small  enough  to  cause  negligible 

thememhV^  the.  steady  state,  assuming  instantaneous  mixing  with 
the  metabolic  pool  of  amino-acids,  the  rate  of  loss  of  i‘N  from  the 
metabolic  pool  is  given  by 

— da*/d  t  =  ( vt  +  F,)a*/a 

rt\e;h™;h,enregr°au«mgor,abel,ed  amino-acid  in  the  me,aboiic  ^ 

a*  =a?e-'".+v"«  (i30) 

du*/dt  =  {(a*/a)  —  (u*/u)}  03n 

Substituting  for  the  variable  a*  from  equation  (130)  and  integrating 

_  a* VuU  ,  , 

at>„  -  uu,  -  ut>/  ~e  ’«"")  (|32) 

kinetics  *  v  ’ 
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The  amount  of  labelled  urea,  u,,,  excreted  in  time  t  is 

Cl  u* 

-  vudt 
Jo  u 

Substituting  for  u*  from  equation  (132)  and  integrating, 

_  *  9  / 


u*  = 


aQ  l  u 

avu  —  uvt 


uvs  \vt  +  v, 


(  \  _  Q-(v,  +  vs)tla^  _  —  (1  _  e -»«</«) 

V„  / 


It  is  found  that  in  about  three  hours  u*  attains  a  maximum  and  a* 
falls  to  a  very  low  value.  When  u*  is  maximal 

du*/dt  =  0 

Differentiating  equation  (132),  therefore, 

-vutlu  __  Vs  Q-(vt  +  rs)lla 

u  a 

From  this  equation  (vt  +  r,)/a  is  calculated  and  the  value  substituted 
in  equation  (132)  to  yield  a,  and  hence  vs. 

Experimental  results  yielded  values  of  approximately  0-4  g.N/day 

for  vs  and  2g.N  for  a. 

Hoberman  (1951)  has  investigated  the  rates  of  formation  and 
breakdown  of  protein  in  fasting  rats,  i.e.  a  closed  system.  The  body 
proteins  were  enriched  with  15N  by  injection  of  labelled  glycine,  in 
amount  a 0.  The  system  may  be  represented  as 

1c  o  ,  1  ^  / 

protein  f  —  amino-acid - >  urea 

r  (p)  k3  (a)  (u) 

Formulating  the  rate  equations  for  a  closed  system 
duf/dt  =  kt a*  =  *,( a*  -  u?  -  P*) 
dp*/dt  =  k2 a*  -  k3 p*  =  k2{ a£  -  u f  -  p)  -  k3 p* 

The  solution  of  these  is  (cf.  equation  (1 14),  p.  174) 

u*  =  c,eAl<  +  c2eA2<  T  a* 

where  c,  and  c2  are  integration  constants  and 

2Xt  =  — (A:2  +  k2  +  k3 )  +  [(kj  +  k2  +  k3)2  —  4  kjk3 f 
2X9  =  -(kj  +  k2  +  k3)  -  [(kj  +  k2  +  k3 )2  -  4  ktk$ 

Binomial"  expansion  of  the  radicals  and  elimination  of  quadratic 
terms  yields  the  approximations 

/;  =  —kjksKkj  +  k2  +  k3 ) 

X2  =  —{kl  +  k2  +  k3)  +  kjk3l(kj  +  k2  +  k3) 
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If  it  is  assumed  that  (k3  +  k2)  is  of  the  order  of  10  1  hr.  1  and 
k3  and  k1k3l(k1  +  k2  +  k3)  are  10"2  and  10"3  hr.-1,  respectively,  and 
using  the  condition  that  when  /  =  0,  u*  =  0  and  du*/df  =  Ar;a0, 
equation  (133)  becomes  approximately 


Since  (k}  +  k2)  is  assumed  to  be  much  greater  than  kjk3/(kj  +  k2  +  k3), 
the  first  exponential  term  will  decrease  more  rapidly  and  at  a  time 
sufficiently  great  (/,) 

(\  —  — \  - Q-kik3til(ki  +  k2  +  k3) 

V  a*  / 1,  k,+k2e  (U5) 

Using  the  time  t{  as  zero  time,  equation  (135)  for  any  subsequent 
period  becomes 


Since  a*  is  known  and  u*  may  be  determined,  values  may  be  obtained 
for  k3.  It  was  found  that  48  hours  was  a  long  enough  period  to  assign 

The  experimental  results  were  interpreted  in  terms  of  two  protein 
pools,  one  in  rapidly  reversible  equilibrium  with  amino-acids  and  the 
other  susceptible  only  to  irreversible  hydrolysis.  The  turnover  rate  of 
the  protein  in  dynamic  equilibrium  with  amino-acids  was  found  to 
increase  with  the  amount  of  protein  in  the  diet  nrevimiQ  tr>  ctarvoti™ 


. — sen-consistent  (Reiner,  1953). 

I  HE  THEORY  OF  THE  DETERMINATION  OF  METABOLIC 


TURNOVER  RATES 


_  v,*i  mis  worK. 
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A  fundamental  concept  which  requires  definition  before  an  exact 
treatment  of  tracer  kinetics  can  be  achieved  is  that  of  turnover  rate. 
A  labelled  atom  may  appear  in  a  certain  compound  within  a  particular 
region  because  it  is  transported  there  or  produced  there  by  means  of  a 
chemical  reaction.  If  a  tracer  is  being  simultaneously  added  and 
removed,  that  part  of  the  addition  which  is  balanced  by  a  removal 
process  may  be  regarded  as  a  ‘flux’  of  tracer  ‘through’  the  metabolic 
pool  of  a  compound  and  it  is  this  flux  which  is  most  usefully  identified 
with  the  term  ‘turnover’. 

Consider  the  transformation  of  A  into  B,  followed  by  the  transfor¬ 
mation  of  B  into  other  substances  (including  A),  denoted  by  X,  i.e. 

A  ->  B  ->  X 

The  rate  of  turnover  of  B  may  most  conveniently  be  defined  as  the 
number  of  molecules  of  B  which  are  newly-formed  or  the  number  of 
molecules  which  are  transformed  into  other  compounds  in  unit  time, 
whichever  has  the  smaller  value.  In  the  steady  state  the  two  values  are 
equal.  The  relation  between  the  turnover  rate  (v)  and  experimentally 
measurable  quantities  may  be  derived. 

Let  d a  molecules  of  A  per  unit  volume  be  transformed  into  B  in 
time  dr  and  dx  molecules  of  B  be  transformed  into  X.  Then,  for  the 
changes  in  B  and  in  labelled  B  (B*), 

db*  —  —  da  —  -7-  dx  =  s  4  da  —  sB  dx 
a  b 

db  =  da  —  dx 

where  s  4  and  sB  are  the  specific  activities  {a* /a  and  b*/b)  of  A  and  B, 


respectively.  The  rate 

equations  are 

da 

1 

( 

db* 

d  b\ 

S  r,  - 

dt 

S  b" 

,  dt 

Bdr/ 

dx 

1 

f db * 

db\ 
s  .  — 

dt 

S  B' 

y  dt 

Adl! 

Since  b* 

—  s/y^ 

da 

1 

| 

(/j— 1 

dt 

S* 

{  dt) 

dx 

1 

1 

{ b 

db 

dt 

~  ^  A 

S  B 

r  dr  / 

dt 

and  v  may  be  defined  as  follows: — 

v  =  da/dt  when  da/dt  <  dx/d t 
v  =  dx/d /  when  da/dt  >  dx/d t 
v  =  da/dt  =  dx/d t  in  the  steady  state. 
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v  expresses  the  flux  rate  of  matter  through  the  metabolic  pool  of 
the  compound  B.  If  transport  terms  are  involved,  v  may  be  derived 
from  a  similar  set  of  equations.  The  relative  turnover  rate  is  given  by 
v/b. 

A  quantity  often  used  in  place  of  turnover  rate  is  the  ‘half  life’, 
th.  In  a  first  order  irreversible  reaction 

A  ->  B 


in  a  closed  system,  which  originally  contained  an  amount  a0  of  A  and 
no  B, 

db/dt  =  k^cio  —  b) 
and 


In  a0  —  In  ( a0  —  b)  =  kjt 
For  the  time  at  which  a  =  %a0 


k1ti  =  In  2  (136) 

The  rate  constant  of  the  first  order  reaction,  being  the  reaction  rate 
per  unit  concentration  of  reactant,  is  closely  related  to  v,  which  may 
be  expressed  in  terms  of  either  Ay  or  th. 

If,  however,  two  successive  reactions, 


are  considered, 
and 


->  B 


db/dt  =  kj(a0  -  b)  -  k,b 
In  a0  -  In {a0  -  b(k 1  +  /<y)/Ay)  =  (Ay  +  k2)t 


yalU,e  altained  by  b  is  ak‘l(k-  +  *»>  and  time  at 

hich  half  this  steady  state  value  is  attained  is  given  by 

(kj  +  Ay)/,  =  In  2 

permitlhe' calculation  ^  ^  d°« 

of  v.  Consider  the^ractfon63011011’  'he  ^  1,fe  'S  n°‘  a  g0od  nleasure 

2A  — ~ — *.  B 

for  which  M/d,  =  k](ao  _ 
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The  maximum  value  of  b  is  a0  and  the  half  life  is 

1  lao  =  kih 


The  relation  between  the  turnover  and  th  depends  on  the  initial  amount 
of  precursor. 

If  the  formation  of  B  is  a  first  order  process,  but  the  removal  is 
second  order,  the  relation  between  v  and  tk  is  complex  and  of  no 
practical  use.  For  the  system 


A  — >  B;  2B  — >  X 
the  half  life  is  given  by 

In  2  —  In  ( b0  —  \a0)  —  In  b0  =  k2(a0  —  b0)Ih 


where  a0  and  b0  are  the  amounts  of  A  and  B,  respectively,  at  zero  time. 

It  is  evident  that  extension  of  the  concept  of  half  life  may  easily 
lead  to  an  erroneous  value  of  v.  In  many  instances,  however,  is 
calculated  by  equation  (136)  from  a  value  for  k,  and  if  k  is  correctly 
determined  will  give  a  correct  value  for  v.  In  such  a  case,  in  any  real 
system,  the  half  life  is  not  the  correct  half  life  value,  but  a  conventional 
way  of  stating  the  value  of  v. 

A  number  of  other  terms,  such  as  ‘doubling  time’,  ‘per  cent  incorpora¬ 
tion’  and  ‘per  cent  replacement’  may  by  similar  arguments  be  shown 
to  be  either  calculated  from  v  or,  alternatively,  to  have  no  simple 

relation  to  v. 


Determination  of  Turnover  Rate 


CVCiat-  lvavuv.i  -  j  i 

inv  pair  of  the  n  substances  present  may  be 
Now  consider  a  typical  substance  M. 


written  in  a  similar  way.  Now  consiae 
following  rate  equations  may  be  written 


(137) 

(138) 


dm/dt  =  2 iVjm 
dm*/dt  =  SjS/y/A/  — 
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where  I  and  J  are  variables  denoting  any  substance  except  M.  For 
example,  if  n  =  4  and  M  =  3,  ^iVIM  =  v13  +  v23  +  v43.  Since,  by 
definition, 


m*  =  msM 


equation  (138)  may  be  written 


(139) 


m  dsM/d/  —  2/(s 3  —  sM)vIM 


For  each  of  the  substances  in  the  system  there  is  a  pair  of  equations  of 
the  same  form  as  equations  (137)  and  (139)  and  the  quantities  to  be 
calculated  from  experimental  results  are  those  denoted  by  vu,  which 
will  give  the  turnover  rate.  For  M  the  turnover,  v3/,  is  given  by 
or  whichever  is  smaller. 

It  is  now  possible  to  consider  what  conditions  are  necessary  in  order 
to  determine  the  unknowns  denoted  by  vu.  If,  in  a  system  of  n  sub¬ 
stances,  each  substance  can  react  reversibly  with  the  other  (n— 1) 
substances,  there  are  n(n— 1)  independent  quantities,  vu,  to  be  deter¬ 
mined,  while  two  equations  similar  to  (137)  and  (139)  can  be  formulated 
for  each  of  the  n  substances.  For  the  resulting  equation 


n(n  —  1)  =  2n 


there  is  only  one  solution,  n  =  3.  For  more  than  three  substances  in 
the  group  the  turnover  rates  cannot  be  calculated  from  equations 
(137)  and  (139).  (This  conclusion  is  modified  by  the  fact  that  certain 
rates,  e.g.  rates  of  administration  of  labelled  compounds,  may  be 
experimentally  fixed,  that  in  the  steady  state  there  is  conservation  of 
mass  and,  if  the  isotope  is  administered  instants  neon  civ  at  7Pm 


(140) 


anZl^t  .a"  ;!!:elfr0m  1  t0.  "•  040)  shows  ,hat  for 
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The  way  in  which  equations  are  formulated  for  a  particular  system 
may  be  shown  by  the  following  scheme  in  which  the  turnover  rate  of 


food  glycine 
(A) 


food  serine 

(P) 


glycine  pool 
1  (B) 

protein 
pool  (O 

\ 

\ 

serine  pool  — 
(D) 


->  excretion  products 
(F) 


phospholipid 
(E) 


protein  is  considered.  Assuming  a  steady  state,  e.g.  an  animal  in 
nitrogen  balance,  equations  (137)  and  (139)  become 

VAB  +  VCB  +  VDB  =  VBC  +  VBD  +  V  BF 
VBC  +  VDC  ~  VCB  +  VCD 
V bd  +  VCD  T  VED  +  VGD  =  VDB  +  VDC  T  Vj)E 

VDE  =  VEI) 

b  .  dSfl/d/  =  (sA  —  sB)vAB  f  (Sc  —  sB)vCB  +  (s/>  —  Sb)»db 
c  .  dsc/d  t  =  (sB  —  sc)vBC  +  (Sd  —  s c)vdc 


cl .  dsD/dt  =  (sB  —  sD)vBD  +  (Sc  -  sd)vcd  +  (s£ 


s  d)VED 
+  (Sc 


S  D)v„ 


CD 


e  .  dsE/d  t  =  (s^  —  Se)vbe 

Vd  „  Vnn  and  vBF,  the  rates  of  supply  of  food  glycine  and  serine  and  the 
rate  of  excretion  are  presumed  to  be  known.  Then  eight  of  the  values 
of  v  remain  to  be  determined  from  the  above  eight  equations,  together 
with  experimental  results  relating  to  specific  activities  and  their  time 
derivatives.  The  experimental  data  needed  to  determine  the  protein 

o7r^(c  tc“hy  w!th  time  of  body  glycine,  serine,  protein  and 

essentially  identical  with  the  actual  metabolic  system. 

Precursors 

_  .•  n  171  md  (139)  which  yield  the  turnover  rates  of  compounds, 

ts  m  - 
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(139),  no  particular  assumption  need  be  made  about  the  orders  of 
reaction  according  to  the  foregoing  treatment.  The  reasoning  so  far 
used,  however,  has  rested  on  the  assumption  that  only  one  precursor 
of  the  compound  considered  is  labelled. 

If  a  compound  has  two  labelled  precursors,  it  is  necessary  to 
introduce  this  assumption  in  the  derivation  of  the  equations  for 
turnover  rate.  Consider  the  reaction 


A  +  B^C 


Let  the  rates  at  which  A  and  B  enter  the  system  be  v2  and  v2,  respec¬ 
tively,  and  let  v  be  the  rate  of  both  forward  and  reverse  reactions  in  the 
steady  state.  Linear  equations  can  result  only  if  it  is  assumed  that 
doubly-labelled  molecules  of  C  are  formed  in  negligible  amounts.  For 
radioactive  tracers  this  is  permissible,  but  when  ‘heavy’  isotopes, 
e.g.  1->N,  are  used,  the  relative  frequency  of  tracer  molecules  may 
be  as  high  as  0-5  and  the  above  approximation  would  be  poor.  Assuming 
that  radioactive  tracers  are  being  considered,  the  following  differential 
equations  result: — 


a  .  ds4/d/  —  Vj{Sj  —  s4)  —  z>(s4  —  sr) 
c  .  dSj/dt  =  v(sA  -  sx) 


b  .  dsB/d t  —  u2(s2  —  sB)  —  —  sr) 

c  .  dSy/dt  =  v(sB  -  s y) 

where  x  and  Y  refer  to  the  differently  labelled  molecules  of  C  and  s 
and  s  are  the  specific  activities  of  A  and  B,  respectively,  as  they  ente^ 

terms  ste"1  ^  'Um°Ver  r3te  °f  C  is  >°  -  In  experimental 


V 


V  — 


~dt 


sa  +  sB  —  st, 

Even  when  the  doubly-labelled  molecules  may  be  neglected  it  is  si  ill 

ln~  "  “  "*  -sK'i; 

of*  pram,  from V  r.lailon.lEp  of  hi  “S',  ““'5 
precursor  and  product.  From  eouatinn  mm  Pu  y  CUrves  of 

only  a  single  precursor  P,  ’  w^en  a  compound  M  has 

m  ■  dsW dt  =  vPM(sP  -  sv) 

t  rsss  v-' ""  — 
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less.  The  specific  activity/time  curves  of  precursor  and  product  intersect 
when  the  specific  activity  of  the  product  is  maximal. 

If  P  is  a  precursor,  but  not  the  immediate  precursor,  of  M,  its  specific 
activity  can  be  shown  to  attain  a  value  equal  to  that  of  M  before  M 
reaches  its  maximum  specific  activity. 

When  M  has  more  than  one  immediate  precursor,  this  criterion  can 
no  longer  be  applied,  for  in  the  general  equation  (139)  dsM/df  will 
vanish  not  only  when  every  term  of  the  summation  vanishes,  but  also 
if  some  terms  are  negative  and  some  positive,  while  it  will  not  vanish 
if  only  some  of  the  terms  vanish.  Even  if  only  one  precursor  is  labelled 
the  criterion  is  not  applicable  and  any  compound  which  dilutes  M  will 
interfere.  This  criterion  of  an  immediate  precursor  is  therefore  applic¬ 
able  only  to  a  reaction  system  the  mechanism  of  which  is  known. 

The  above  analysis  shows  that  if  a  reaction  system  is  known  and  the 
correct  analytical  determinations  are  made  the  rate  of  turnover  can  be 
calculated  with  certainty.  There  are,  however,  many  difficulties  in 
measuring  turnover  rates  in  practice.  In  particular,  the  immediate 
precursor  of  a  compound  must  be  known  and  the  specific  activity  of 
precursor  and  compound  measured,  together  with  the  corresponding 
concentrations.  For  a  substance  in  a  reaction  network  the  calculation 
of  turnover  rate  requires  the  measurement  of  the  time  courses  of  both 
concentration  and  specific  activity  of  each  substance  in  the  network. 
Various  labelled  forms  of  the  same  kind  must  be  distinguished, 


theoretically  and  experimentally. 

These  difficulties  are  great  and  the  experimental  work  required  tor 
the  determination  of  a  turnover  rate  is  considerable,  even  when  the 

reaction  system  has  been  elucidated.  ,. 

In  addition  to  the  type  of  theoretical  analysis  considered  in  this 
section  it  is  necessary  to  consider  the  complications  arising  from  the 
heterogeneity  of  cells  and  organisms,  for  different  parts  may  have 
different  reaction  rates  and  the  rates  of  transport  of  substances  between 
different  regions  must  be  taken  into  account. 

The  treatment  of  the  theory  of  the  determination  of  turnover  rates 
is  still  incomplete  and  while  a  great  many  experimental  studies  have 
been  reported^!  seems  likely  that  little  certain  knowledge  has  r^uned 
It  is  in  fact  probably  fair  to  say  that  exploration  of  the  field  is  only 
now’beginningP Tom  ekher  a  theoretical  or  an  experimental  point  of  view. 
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CHAPTER  7 


THE  KINETICS  OF  ENZYMIC  REACTIONS 

Kinetic  investigations  have  played  a  large  part  in  elucidating  the 
mechanism  of  the  chemical  reactions  of  organic  compounds.  The 
general  principles  of  reaction  rate  theory  have  been  sufficiently  well- 
established  to  permit  the  classification  of  many  reactions  in  terms  of 
relatively  few  fundamental  mechanisms  (cf.  Ingold,  1953).  There  is  no 
reason  to  doubt  that  the  same  principles  apply  also  to  biochemical 
reactions,  but  the  fact  that  these  are  nearly  all  catalysed  by  enzymes 
deprives  the  biochemist  of  the  fundamental  information  about  the 
structure  of  reactants  which  was  the  basis  of  the  development  of  the 
theory  of  purely  chemical  reactions.  Present  information  about  the 
mechanisms  of  enzyme  action,  incomplete  as  it  is,  has  been  derived 
mainly  from  investigations  of  the  kinetics  of  enzymic  reactions,  together 
with  a  knowledge  of  the  structures  and  properties  of  substrates, 
products,  activators  and  inhibitors.  In  addition  it  has  sometimes 
proved  possible  to  obtain  more  direct  information  about  the  com¬ 
ponent  structures  of  an  enzyme  protein  involved  in  catalysis,  e.g.  by 
means  of  spectroscopic  observations  or  by  chemical  modification  of 
amino-acid  residues.  Some  information  has  also  been  obtained  about 
intermediate  compounds  of  enzyme  and  substrate,  e.g.  by  determination 
of  the  lability  of  a  particular  atom  of  the  substrate,  using  isotopic  tracers. 

It  seems  likely  that  there  is  more  than  one  mechanism  of  enzymic 
catalysis,  as  would  be  expected  by  analogy  with  chemical  reaction. 
For  instance,  some  reactions  involve  polycyclic  aromatic  structures 
others  chelate  complexes  with  metals,  while  in  some  instances  both 
enzyme  and  substrate  contain  only  amino-acids. 

In  this  chapter,  the  kinetics  of  enzymic  reactions  will  be  reviewed  wit 
special  reference  to  the  evidence  provided  on  the  mechanism  of 

reactions. 

REACTION  RATE  AS  A  FUNCTION  OF  ENZYME  AND 
rlac  iui>  substrate  concentrations 

A  number  of  expressions  have  been  developed  giving  reaction  rate  as 
a  function  of  enzyme  and  substrate  concentrations.  Nearly  all  o  them 
mly  be  derived  byy  applying  the  law  of  mass  action  to  the  following 

reactions: —  ^  |  g  r  (141) 

.pip  (142) 


k2 


c  +  z 
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where  E  represents  enzyme,  S  the  first  substrate,  Z  the  second  sub¬ 
strate,  C  an  enzyme-substrate  complex  and  P  the  product(s)  of  reaction. 
Equation  (141)  shows  the  formation  of  an  enzyme-substrate  complex, 
with  a  second  order  rate  constant,  kt,  and  the  dissociation  of  the  com¬ 
plex,  with  a  first  order  rate  constant,  k_t.  Equation  (142)  shows  the 
combination  of  the  complex  with  a  second  substrate  to  yield  the 
product  or  products  of  reaction  and  the  regenerated  free  enzyme, 
the  rate  constant  being  denoted  by  k2:  this  reaction  is  normally 
bimolecular.  In  theory  equation  (142)  is  reversible,  but  in  practice 
kinetic  studies  are  carried  out  under  conditions  where  the  reverse 
reaction  is  negligible.  The  overall  stoichiometric  equation  is 


S+Z-*P  (143) 

For  the  hydrolysis  of  an  ester,  equation  (141)  would  show  the  forma¬ 
tion  of  an  ester-esterase  complex  and  equation  (142)  the  reaction  of 
the  complex  with  a  water  molecule,  while  equation  (143)  would 
represent  the  familiar  equation  for  aqueous  hydrolysis. 

Formulating  the  kinetic  equations  for  the  reactions  shown  in 
equations  (141)  and  (142), 


—ds/dt  =  kj(e  —  c)(.s  -  c)  —  k^c  (144) 

dc/dt  =  kj(e  —  c)(s  —  c)  —  k_:c  —  k2zc  (145) 

— dz/dt  =  dp/dt  =  k2zc  (146) 

where  e,  s,  c  and  z  denote  the  concentrations  of  enzyme  (free  plus 
bound),  first  substrate,  complex  and  second  substrate,  respectively. 
There  seems  to  be  no  general  analytical  solution  of  these  equations 
and  when  a  full  solution  is  required  it  is  obtained  for  particular  values 
of  the  parameters,  using  an  electronic  computor.  This  is  necessary 
only  for  the  investigation  of  the  transient  state  kinetics  of  enzymes 
which  usually  apply  within  the  first  few  seconds  of  a  reaction  For  the 
great  majority  of  kinetic  investigations  the  steady  state  concentration  of 
enzyme-substrate  complex  can  legitimately  be  assumed,  i.e.  dc/d/=0 
A  solution  of  equations  (144)-(146)  was  originally  obtained  bv 

ctdh,tSsand  MentCn  °9,3)’  Wh°  apP'ied  a  of  restrictive 

In  the  steady  state 

dc/dt  —  0  —  kj(e  —  c)(s  —  c)  —  k_2c  —  k2zc  (147) 

The  rates  of  reaction  expressed  in  equations  (144}  and 

v  =  dp/dt  =  k.zc 


(148) 


206 


THE  KINETICS  OF  ENZYMIC  REACTIONS 


When  the  concentration  z  is  constant,  as,  for  instance,  in  enzymic 
hydrolysis,  the  term  k2z  may  be  replaced  by  an  equivalent  first  order 
rate  constant,  k2,  i.e. 

k2z  =  k'2  (149) 

As  the  concentration  s  increases,  the  reaction  rate  approaches  a 
maximum  characterised  by  the  complete  binding  of  the  enzyme  by 
substrate.  The  limiting  maximum  velocity  is  given  by 

Vmax  =  Ke  (150) 

Since  the  concentration  of  enzyme  is  nearly  always  very  small  com¬ 
pared  with  that  of  substrate,  the  concentration  of  bound  substrate 
may  be  neglected  and  the  concentration  of  free  substrate  assumed  to 
be  that  of  total  substrate,  i.e. 


(5  —  c)  —  s 


Substituting  from 
rearranging 


equations  (148)— (1 50)  into  equation  (147)  and 


(fc_j  +  k2) 
ki 


(151) 


If  the  rate  of  reaction  to  give  products  is  small  compared  with  the  rate 
of  equilibration  of  enzyme,  substrate  and  complex  (k2  <&,),  equation 
(151)  reduces  to 


s 


( 


V max 
V 


(152) 


where  Ks  is  the  dissociation  constant  of  the  enzyme-substrate  complex. 
K*  is  sometimes  called  the  Michaelis  constant  (but  see  p.  208).  The 
reciprocal  of  Ks  is  an  equilibrium  constant  and  measures  the  affinity 
of  enzyme  for  substrate.  Rearranging  equation  (152) 


v  =  vmaxsl(Ks  +  s) 

At  very  low  substrate  concentrations,  where  5  <  Ks, 
approximates  to 

V  ==  Vinax^l  K s 


(153) 

equation  (153) 

(154) 


so  that  the  reaction  rate  is  proportional  to  the  substrate  concentration 
At  high  substrate  concentrations,  where  5  Ks, 


v  =  v 


(155) 


The  rate  is  now  independent  of  the  precise  value  of  the  substrate 
concentration. 
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From  equations  (150)  and  (153)  it  can  be  seen  that  the  enzymic 
reaction  is  first  order  with  respect  to  enzyme  concentration  and  varies 
between  first  and  zero  order  with  respect  to  substrate  concentration 
as  this  increases.  In  practice,  the  range  of  substrate  concentrations 


Fig.  42  Effect  of  substrate  concentration  (j)  on  relative  initial  rate  0)  of 
hydrolysis  of  lactose  (after  Mitchell  (1950),  based  on  data  of 
Lineweaver  and  Burk) 


which  can  be  studied  is  limited  at  the  upper  end  by  solubility  and  at 
the  lower  end  by  the  sensitivity  of  analytical  methods.  When  the 
range  is  wide,  a  graph  of  v  and  s  may  be  constructed,  as  in  Fig  42 
Equation  (154)  applies  to  the  initial  part  of  the  graph,  so  that  the 
initial  slope  gives  vmJKs.  Equation  (155)  applies  to  the  final  part  of 
the  curve,  i.e.  v  -  vm„  and  the  asymptotic  value  of  the  velocity  can  be 
estimated.  In  equation  (153),  if  u  =  | Ks  =  s,  so  that  the  sub¬ 
strate  concentration  at  which  half  maximal  velocity  is  attained  is 
numerically  equal  to  the  value  of  Ks.  J 

An  equation  which  is  frequently  used  for  the  evaluation  of  constants 
IS  the  reciprocal  of  equation  (153),  i.e. 


1  1  K 


s 


s  v 


+ 


max 


max 
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The  plot  of  1/r  and  \js  is  linear,  having  a  slope  of  Kslvmax  and  an 
intercept  on  the  ordinate  of  1  lvmax.  This  form  of  equation  is  useful 
since  it  gives  relatively  simple  expressions  when  inhibition  is  considered 
(p.  223). 

A  feature  of  all  plots  is  that,  as  may  be  seen  from  the  basic  equation 
(153),  when  s^>  Ks  only  vmax,  and  when  s<^Ks  only  Kslvmax,  can 
be  evaluated  accurately.  The  value  of  Ks  can  be  derived  accurately 
only  when  a  wide  range  of  values  of  s  can  be  used. 

Some  investigators  have  shown  that  it  is  generally  not  permissible 
to  assume  that  the  enzyme-substrate  complex  is  in  equilibrium  with 
its  components  (i.e.  that  k2<^k_1).  This  was  also  predicted  from 
theoretical  considerations  by  Briggs  and  Haldane  (1925).  In  this  case 
a  rate  equation  of  the  form  of  equation  (153)  still  applies,  the  Michaelis 
constant  determined  experimentally  being  not  a  dissociation  constant, 
but  a  steady  state  constant,  (/r_2  +  k'2)lklt  which  may  be  denoted  by 
i.e. 

Km  =  ( k_ !  +  k2)jk1 


The  term  ‘Michaelis  constant'  will  be  reserved  for  KM,  Ks  being  referred 
to  as  a  dissociation  constant.  Equation  (153)  becomes 

v  =  vma3sl(KM+s)  d55a) 

The  relation  between  KM  and  Ks  may  be  expressed  as  follows 

Km  =  (*_,  +  kl)lkt  =  KS  +  Klk,  (155b) 

Since  kolk1  is  positive,  Ks  must  always  be  smaller  than  KM,  although 
it  may  "closely  approach  the  same  value  (e.g.  in  fumarase-substrate 

As* neither  K ,  nor  KM  is  a  function  of  5,  they  cannot  be  differentiated 
by  investigating  the  variation  of  n  with  j,  and  the  interpretation  of  the 
Michaelis  constant  thus  experimentally  determined  is  ambiguou  . 
Since  the  expression  for  KM  contains  K,  which  is  a  combination  of  k2, 
a  second  order  rate  constant,  and  z,  the  concentration  of  the  second 
substrate,  KM  is  a  function  of  z,  while  Ks  is  not,  and  in  cnzynuc  reac’.otrs 
where  z  can  be  varied  it  is  possible  to  determme  both  ^  and  K,. 
Formulating  v,  v,na,  and  KM  as  functions  of  z,  the  following  exp.es 

sions  are  obtained.  (|56) 

Umax  k2eZ 

Km  =  Kh  +  k2zjk1  =  Ks  +  VmaJkie  (^7) 

It  can  be  seen  that  as  z  tends  to  zero,  vmax  also  tends  to  zero,  but 
U  can  be  from  equation  (157)  into  equation  (155a) 


tends  to  Ks. 
and  rearranging, 


VmaxlV  =  l  +  ^slS  +  Vmaxl^ieS 
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If  v  is  determined  for  a  range  of  concentrations  of  Z,  the  plot  of 
v  "against  (v  Jv)  —  1  for  a  constant  value  of  j  is  linear.  The  inter- 
ceFts  aTZl  ^ 0  and  («„„/«)  -  I  =  0  are  KJs  and  k  e  respectively 
the  slope  being  Since  vma,  =  k,ez ,  the  values  of  k,e,  k^e  and 


Fig.  43  Evaluation  of  the  dissociation  constant  ( Kg )  of  the  succinate-succinio 
dehydrogenase  complex  from  rate  measurements  (after  Slater  and  Bonner,  1952) 


k2e  can  be  deduced.  If  the  enzyme  concentration  is  known,  absolute 
values  of  kj,  k_j  and  k2  can  be  determined.  Otherwise,  only  ratios 
can  be  evaluated. 

An  example  ol  this  approach  to  enzyme  kinetics  is  provided  by  an 
investigation  of  the  succinic  dehydrogenase  system  by  Slater  and  Bonner 
(l952)  (.F|g-  43>*  Succinic  dehydrogenase  catalyses  the  dehydrogenation 
of  succinic  acid  to  fumaric  acid,  a  hydrogen  acceptor  being  reduced 
simultaneously.  The  concentration  of  hydrogen  acceptor  (z)  was 
varied  by  the  use  of  inhibitors.  The  values  found  for  the  constants 
were  as  follows:-  kxe  =  115  x  lO^sec.-1;  k_,e  =  3-6  x  1()-7  m 
sec.  ,  k2e  —  5T5  x  10  6  m.  sec.-1;  Ks  =  kJk,  =  3-13  <  10~5m 
he  value  of  k2  is  sufficiently  large  to  make  the  value  of  KM  appreciably 
larger  than  that  of  Ks,  for  all  but  very  small  values  of  z  PpreC'ably 

KINETICS 
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An  interesting  variation  of  equation  (155a)  is  applicable  to  catalase. 
This  enzyme  catalyses  the  decomposition  of  hydrogen  peroxide  by 
the  following  mechanism 

E  +  H202  — — — >  E.H202 
E.H202  +  H202  — E  +  2H»0  +  02 

The  reactions  are  practically  irreversible  and  the  first  and  second 
substrates  are  identical.  Insertion  of  the  identities  z  =  s  and  Ks  =  0 
into  equations  (156)  and  (157)  and  substitution  into  (155a)  yields 

v  —  es.k1k2l{k1  +  k2) 


The  rate  of  the  reaction  is  thus  proportional  to  the  concentrations  of 
both  enzyme  and  substrate  and  has  no  maximum  value.  This  behaviour 
was  observed  when  the  reaction  was  studied  over  very  short  periods  of 
time,  using  a  special  technique.  In  previous  investigations  of  the  steady 
state  kinetics  over  much  longer  periods  a  maximum  velocity  was  found 
and  interpreted  in  the  usual  way,  i.e.  by  means  of  equation  (155a). 
It  has  now  been  shown  that  the  maximum  velocity  observed  is  a 
consequence  of  the  formation  of  an  inactive  enzyme-substrate  complex 
from  the  active  complex  (cf.  p.  220).  The  graphs  obtained  in  the  two 
types  of  experiment  are  illustrated  in  Fig.  44. 

In  the  reactions  catalysed  by  hydrolytic  enzymes  the  second  sub¬ 
strate  is  presumably  the  water  molecule.  While,  in  principle,  KM  and 
JC  could  still  be  distinguished  as  described  above,  in  practice  this  is 
difficult,  since  enzymic  activity  is  often  greatly  affected  by  changes  in 
solvent  composition.  For  instance,  small  amounts  of  organic  solvents 
mav  irreversibly  inhibit  the  enzyme.  Attempts  have  been  made  however, 
to  reduce  the  concentration  of  water  using  solutes  which  have  little 
deleterious  effect  on  proteins,  e.g.  sucrose,  glycerol,  and,  at  ow  tempera¬ 
tures  methanol.  Kaufmann  and  Neurath  (1949)  found  that  the  rates 

of  hydrolysis  of  acetyl-L-tyrosinamide  by  chymotrypsin  in  aqueous 
methanolic  solutions  of  various  concentrations  were  consistent  with  the 

aPTh^ontrarny^ finding'^,  >  k2)  emerges,  however,  from 
tion  of  the  transient  state  kinetics  of  enzymic  hydro  ysis  (Gutfreund 
1954)  The  ethyl  esters  of  benzoyl-L-arginine  and  acetyl-L-pheny  lalam 
wer^usld  as  substrates  of  trypsin  and 

values  of  Kv  for  these  systems  are  known  to  be  10  m  and 17  X TO  M 
respectively  Gutfreund  found  that  the  rate  constant  (^)  for  the 
combination  of  enzyme  and  substrate t  was  the  tpsin 

It  follows  that  the  value  of  (/c_,  +  k2)  is  ^ 
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reaction  and  >  700  sec.-1  for  chymotrypsin.  Since  k2  is  known  to  b 
of  the  order  of  10  sec."1,  it  can  be  seen  that  chymotrypsin  is  practically 
in  equilibrium  with  its  substrate  (i.e.  A:_,  >  k2).  No  conclusion  can  be 
reached  for  the  trypsin  reaction. 

An  indirect  method  of  obtaining  information  about  the  relative 
values  of  K 8  for  a  number  of  substrates  of  a  single  enzyme  may  be 


Fig.  44  The  rate  of  decomposition  of  hydrogen  peroxide  (v)  by  catalase  as  a 
function  of  peroxide  concentration  (after  Bonnischen  et  al.,  1947).  Curve  A: 
rate  measured  by  rapid  titration;  curve  B:  rate  measured  by  ordinary  analysis 


applicable  when  other  methods  fail.  If  KM  and  vmax  can  be  determined 
for  two  substrates,  consideration  of  the  variations  in  each  may  give  a 
limited  amount  of  information  about  the  variation  of  Ks.  Formulating 
Km  as  Kg  +  v^Jkfi  (equation  (157)),  it  is  apparent  that  if  KM  and 
i;  both  increase,  or  both  decrease,  the  change  in  Ks  cannot  be  deduced. 

’  however>  km  and  vmax change  in  opposite  directions,  K«  must 
change  in  the  same  direction  as  KM  and  to  a  greater  extent.  This 
criterion  cannot  easily  be  applied  to  determine  the  variation  of  K 
with  temperature,  pH,  etc.,  for  a  single  substrate,  since  the  variation 
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°f  vmax  may  be  due  to  a  variation  in  the  concentration  of  enzyme  in  a 
catalytic  form.  1  his  method  has  been  used  in  correlating  the  structures 
and  the  Ks  values  of  a  number  of  substrates  of  chymotrypsin  and 
carboxypeptidase. 

Determinations  of  Ks  values  for  a  large  number  of  substrates  have 
been  carried  out  for  a  few  group-specific  enzymes.  The  results  have 
shown  that  not  only  gross  changes  in  shape  or  structure,  but  small 
changes  of  the  order  of  1-2  A,  are  of  importance,  even  in  fairly  complex 
substrates.  This  implies  that  a  very  close  approach  of  enzyme  and 
substrate  molecules  occurs,  short  range  forces  being  all-important, 
that  enzyme  and  substrate  interact  at  several  points  and  that  a  parti¬ 
cular  region  (the  ‘active  centre’)  of  the  enzyme  molecule  is  concerned. 

A  number  of  types  of  force  may  be  concerned  in  the  binding  of 
enzyme  and  substrate.  Charged  groups  on  the  substrate  molecule 
may  be  attached  to  the  enzyme  by  means  of  electrostatic  forces,  the 
bond  formed  being  analogous  to  the  ‘salt  bridges’  of  protein  mole¬ 
cules.  For  instance,  Ks  is  found  to  be  finite  only  for  positively-charged 
substrates  of  trypsin.  This  type  of  link  can  be  readily  reversible,  since 
the  free  energy  decrease  due  to  the  neutralisation  of  charges  would 
be  reduced  by  an  increase  of  entropy  due  to  the  liberation  of  water 
molecules  bound  to  the  charged  particle. 

Hydrogen  bridges  may  also  play  a  part.  Proteins  are  known  to  be 
capable  of  forming  intramolecular  hydrogen  bridges,  and  with  a 
suitable  substrate  it  is  likely  that  intermolecular  bridges  can  also  be 
formed.  This  appears  to  be  the  case  with  peptide  substrates  of  the 


proteases. 

van  der  Waal  forces  may  also  be  concerned,  e.g.  in  the  action  of 
acetyl  cholinesterase,  where  Ks  decreases  (i.e.  the  affinity  increases) 
with  increasing  length  of  the  hydrocarbon  chain  in  acyl  esters  o 
cholire.  It  has  been  pointed  out  (Eyring  el  al,  1954)  that  an  additional 
effect  may  be  operative  in  the  enzymic  binding  of  substrate,  which 
appears  to  make  van  der  Waal  forces  much  stronger  than  is  usually 
considered.  A  ‘hole’  in  a  protein  molecule,  surrounded  by  hydrocarbon 
groups  and  of  sufficient  size  to  contain,  say,  a  methyl  group,  would 
fend  to  incorporate  such  a  group,  since  it  would  create  an  oil-oil 
interface  in  place  of  two  ‘oil-water’  interfaces  and  also  since  the  pi  esence 
of  a  space  in  a  molecule  greatly  affects  its  energy  content.  For  instance 
a  space  as  large  as  a  water  molecule  would  lead  to  an  energy  increase 
of  10  kcal  /mole.  Thus  the  decrease  in  energy  when  a  substrate  is 
bound  may  well  be  greater  than  consideration  of  the  bmding  forces 
(van  der  Waal  and  electrostatic  forces)  would  suggest,  if  t  p 
is  thereby  enabled  to  undergo  a  slight  change  to  a  more  stable  con- 

figuration. 
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Finally,  the  substrate  may  react  with  the  enzyme  with  the  formation 
of  a  covalent  bond.  The  formation  of  such  enzyme-substrate  compounds 
was  previously  considered  unlikely,  for  a  number  ol  reasons.  Sub¬ 
strates  react  very  rapidly  with  enzymes,  even  though  the  latter  are  in 
very  low  concentration.  Reversible  combination  of  enzyme  and 
substrate,  as  postulated  by  Michaelis  and  Menten,  continued  to  be 
implicitly  assumed  after  it  was  shown  to  be  superfluous  in  the  derivation 
of  the  Michaelis-Menten  equation,  and  covalent  bonds  seemed  un¬ 
likely  to  be  involved  in  a  rapidly  reversible  reaction.  In  addition,  it 
is  evident  that  the  substrate  cannot  be  united  to  the  enzyme  by  covalent 
links  at  a  number  of  points,  for  hydrocarbon  chains,  benzene  rings 
and  similar  structures  do  not  readily  form  such  bonds.  There  is, 
however,  increasing  evidence  to  suggest  that  covalent  bonds  are  formed 
between  some  transferases  and  their  substrates.  An  acyl  compound 
of  glyceraldehyde  3-phosphate  dehydrogenase  (which  is  concerned  in 
oxidative  phosphorylation)  has  been  isolated  after  incubation  of  the 
enzyme  with  the  substrate  acetyl  phosphate  (Racker,  1954).  Evidence 
from  stereochemical  and  kinetic  studies  indicates  the  formation  of 
enzyme-substrate  compounds  by  a  number  of  enzymes,  e.g.  acetyl 
cholinesterase,  invertase  (see  Koshland,  1954),  and  also  of  enzyme- 
inhibitor  compounds  (p.  221). 

Investigations  of  the  variation  of  vmax  with  structural  changes  in 
the  substrates  of  group-specific  enzymes  have  contributed  relatively 
little  information  about  the  mechanism  of  reaction.  Since  the  effect  of 
substituents  or  structural  changes  upon  electron  density,  which  is  of 
great  importance  in  determining  the  rate  of  ionic  reactions  such  as 
those  that  occur  in  aqueous  solution,  has  been  the  subject  of  much 
investigation  in  organic  chemistry  (cf.  p.  147),  it  seems  likely  that 
more  information  about  enzymic  reactions  may  be  derived  from  similar 
studies.  The  major  difficulty  is  the  separation  of  steric  and  electronic 
effects  on  the  formation  and  breakdown  of  a  complex  of  unknown 
structure  and  composition. 

A  number  ol  investigations  have  been  made  upon  enzymes  which 
catalyse  reactions  involving  benzene  derivatives.  The  electronic  effect 
of  nuclear  substituents  can  be  transmitted  through  the  conjugated 
system  to  the  point  of  reaction,  and  if  a  series  of  substrates  is  used, 
differing  in  the  nature  of  the  substituents  present  but  not  in  their 
position,  steric  changes  are  reduced  to  a  minimum.  An  investigation 
by  Nath  and  Rydon  (1954)  of  the  hydrolysis  of  substituted  phenyl- 
/>D-glucosides  by  emulsin  showed  that  there  was  a  marked  correlation 
hetw^n  the  values  of  KM,  vmax  and  umJKM  and  the  Hammett  constant 
a  (p.  147),  which  is  a  quantitative  measure  of  the  electron-attracting 
power  of  a  substituent.  The  relation  between  a  and  vmaJKM,  which  if 
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proportional  to  the  rate  constant  for  the  reaction  between  free  enzyme 
and  substrate  to  form  an  activated  complex  (cf.  p.  140),  is  shown  in 
Fig.  45.  The  variation  of  vmaxJKM  with  a  indicates  that  a  nucleophilic 
grouping  of  the  enzyme  (e.g.  an  anionic  group)  is  concerned  in  the 
catalysis.  Fig.  45  shows  that  the  ortho  isomers  behave  differently  from 


Fie  45  Variation  of  enzymic  reaction  constants  with  electrophilic  nature  of  sub¬ 
stituents:  hydrolysis  of  o-,  m-  and  /^-substituted  phenylglucosides  by  emulsin. 

Abscissa :  Hammett  substituent  constant. 

■  ortho  substituents,  A  meta  substituents,  •  para  substituents. 

(Data  of  Nath  and  Rydon,  1954) 


the  meta  and  para  isomers,  an  effect  which  is  often  observed  in  non- 
enzymic  reactions.  In  addition,  the  value  observed  for  unsubstituted 
Dhenvl-/S-D-glucoside  was  somewhat  low.  It  is  reasonable  to  expect 
some  distortion  of  the  correlation  between  vmJK„  and  a  due  to  steric 
factors  but  it  is  evident  that  the  major  effect  is  due  to  variations 
in  electron  density  at  the  reactive  bond.  Investigations  from  this 
noint  of  view  have  also  been  carried  out  on  the  hydrolysis  of  nuclear- 
substituted  benzoylcholines  by  cholinesterase  (Ormerod,  1953),  and  of 
various  peptide  derivatives  by  chymotrypsin  (Neurath  and  Schwert, 
1950)  and  on  the  inhibition  of  acetyl  cholinesterase  by  nicotinic  acid 

^The'foregoing 'methods  of  treating  enzyme  kinetics  have  been  found 
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far  is  that  the  concentration  of  enzyme  is  very  much  smaller  than  that 
of  the  substrate.  Since  the  high  molecular  weight  of  enzymes  necessan  y 
results  in  solutions  of  low  molarity  and  since  the  substrate  concen¬ 
tration  must  be  large  enough  to  give  a  measurable  reaction  rate  over 
a  suitable  period  of  time,  this  assumption  is  almost  always  justified 
There  are  only  a  small  number  of  enzymic  reactions  in  vitro  where  1 
is  necessary  to  consider  the  kinetics  of  reactions  in  which  substrate 
and  enzyme  concentrations  are  not  very  different,  but  it  is  probable 
that  in  vivo  the  number  of  such  reactions  may  be  greater,  since  locali¬ 
sation  of  enzymes  may  lead  to  relatively  high  enzyme  concentrations, 
while  the  concentrations  of  metabolic  intermediates  are  known  to  be 
low. 

In  the  following  derivation  (cf.  Straus  and  Goldstein,  1942-3, 
Myers,  1952)  the  approximation  that  free  and  total  substrate  concen¬ 
trations  are  equal  is  abandoned,  but  is  it  assumed  that  the  concen¬ 
tration  of  the  second  substrate  is  constant. 

From  equations  (147),  (149)  and  (155b),  when  dc/dt  =  0 

( e  —  c)(s  —  c)/c  =  (k_j  +  =  KM  (158) 

The  fraction,  a,  of  the  enzyme  in  the  form  of  enzyme-substrate  complex 
may  be  defined  as 

a  =  c\e  =  vlvmax  (159) 

Substituting  from  equation  (159)  into  (158),  and  rearranging, 


*  =  (y~\Km  +  ae  (160) 

Since  s  represents  the  total  concentration  of  substrate  and  a e  =  c 
(equation  (159)),  the  concentration  of  substrate  bound  to  enzyme, 
the  remaining  term,  —  a),  represents  the  concentration  of  free 

substrate.  Equation  (160)  shows  that  the  concentration  of  bound 
substrate  is  negligible  when  e  is  smaller  than,  or  of  the  same  order 
as,  s,  provided  that  e  is  small  compared  with  KM.  This  is  emphasised  if 
equation  (160)  is  rearranged  to  give 


K 


M 


a  ae 
1 K~m 


(161) 


Equation  (161)  may  be  generalised  for  all  enzymes  by  writing  the 
concentrations  of  enzyme  and  substrate  using  as  the  unit  not  one 
mole,  but  the  value  of  KM  for  the  system.  Let  these  new  concentrations 

be  called  specific  concentrations  and  be  denoted  by  symbols  with 
primes,  i.e. 


s  = 


+  ae' 


062) 
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The  possible  systems  may  now  be  divided  into  three  groups,  corre¬ 
sponding  to  the  division  of  the  range  of  equation  (162)  into  three  zones. 
In  zone  A,  e'  is  small  enough  for  the  term  ae'  to  be  neglected.  A  reason¬ 
able  value  proposed  for  e'  in  this  zone  is  OT,  i.e.  the  enzyme  concen¬ 
tration  is  less  than  a  tenth  as  great  as  the  Michaelis  constant.  The 
effect  of  this  is  to  reduce  equation  (162)  to  an  equation  comparable 
with  the  Briggs-Haldane  equation  (equation  (155a)).  This  approxi¬ 
mation  applies  to  most  enzyme  systems  as  studied  in  vitro ,  for  enzyme 
concentrations  are  commonly  of  the  order  of  10~6-10~10m,  while 
Michaelis  constants  are  often  much  higher,  of  the  order  of  10~4  or 
greater. 

The  other  possible  approximation  is  obviously  the  occurrence  of 
nearly  all  the  substrate  as  enzyme-substrate  complex,  i.e.  e'  is  large. 
This  occurs  in  zone  C,  for  which  equation  (162)  becomes 

s'  —  ae' 


where  e'  >  100.  Hence  s  =  ae  =  c,  and  v  is  directly  proportional  to  s. 
Such  conditions  have  not  been  observed  in  in  vitro  experiments,  but 
it  is  suggested  that  they  may  occur  in  vivo  in  regions  of  high  enzyme 
concentration,  e.g.  at  the  motor  end-plates  of  nerves,  which  are  rich 
in  acetyl  cholinesterase.  For  such  systems  the  reaction  rate  is  pro¬ 
portional  to  the  substrate  concentration  and  independent  of  the  value 
of  the  Michaelis  constant. 

Between  zones  A  and  C  lies  zone  B  in  which  specific  enzyme  concen¬ 
trations  must  be  described  by  the  full  equation.  Such  conditions  are 
found  in  the  system  serum  esterase-‘Nu  683’,‘Nu  683’  (the  dimethyl 
carbamate  of  2-hydroxy-5-phenylbenzyl-trimethylammonium  bromide) 
is  usually  regarded  as  an  inhibitor  of  this  enzyme,  but  Myers  (1952) 
has  shown  that  it  is  actually  a  substrate.  Its  very  small  Michaelis 
constant  is  due  to  the  very  slow  formation  of  reaction  products.  Even 
so,  the  dissociation  of  the  complex  was  found  to  be  much  slower  and  the 
substrate  must  be  considered  to  be  concerned  in  two  successive  reactions 
which  are  practically  irreversible.  The  dissociation  constant  is  much 
smaller  than  the  experimentally-determined  Michaelis  constant.  The 
affinity  of  the  enzyme  and  substrate  has  been  shown  to  be  very  high  or 
this  system,  which  may  be  represented  as 

E  +  1 5==^  C  — —  ►  P  +  E 

tc-i 


The  values  found  by  Myers  are  as  follows:—  k,  -  135  '  l0'  ™1": 
M-i.  v  is  negligible:  k’.  =  0-0119  nun.  ’:  K„  -  (*_,  +  kiWi 
~k'lC‘=  8-8x  lO-‘»«:  Ka  =  kjk,  <€. Km.  It  is  reasonable  to 
suppose  that  a  similar  interpretation  applies  to  other  substrates  whic 
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are  hydrolysed  more  rapidly  and  have  greater  Michaelis  constants. 
Similar  results  have  been  obtained  for  the  hydrolysis  of  acetylcholine. 
The  rate  of  combination  of  ‘Nu  683  with  the  enzyme  concerned  was 
only  one-third  of  that  for  acetylcholine  and  the  enzyme,  but  the  rate  of 
hydrolysis  was  5  x  10°  times  slower.  For  cholinesterase  and  Nu  1250  , 
another  ‘inhibitor’  of  the  same  type  as  ‘Nu  683’,  the  value  of  was 
found  to  be  of  the  same  order  of  magnitude,  as  also  were  the  values  for 
catalase  and  peroxidase  and  their  normal  substrate,  hydrogen  peroxide, 
so  that  such  high  rates  of  combination  may  be  general. 

A  feature  of  zones  B  and  C  is  that  the  enzyme  concentration  appears 
in  the  equations  concerned  and  may  be  determined  kinetically.  In 
experiments  carried  out  by  Myers  (1952),  ‘Nu  683'  was  equilibrated 
with  serum  esterase  and,  as  dissociation  was  very  slow,  while  normal 
substrates  became  equilibrated  almost  instantaneously,  the  fraction  of 
enzyme  remaining  free  after  equilibration  with  various  concentrations 
of  ‘Nu  683’  could  be  determined  by  observation  of  the  rate  of  hydro¬ 
lysis  of  a  normal  substrate,  e.g.  benzoylcholine,  by  the  system.  The 
time  taken  for  this  determination  was  sufficiently  short  not  to  disturb 
the  enzyme-‘Nu  683’  equilibrium.  This  procedure  permitted  the  deter¬ 
mination  of  values  for  s  and  a,  so  that,  using  equation  (161),  KM  and  e 
could  be  evaluated.  Values  of  e  for  serum  varied  from  one  species  of 
mammal  to  another,  ranging  from  8-8  x  10~8  m  to  1-7  x  10~*  m. 

The  kinetics  of  reactions  catalysed  by  enzymes  with  iron-porphyrin 
prosthetic  groups  have  been  investigated  in  much  more  detail  than 
have  any  others.  The  intense  absorption  bands  given  by  these  enzymes 
have  enabled  the  transient  state  kinetics  of  reaction  to  be  studied, 
using  a  rapid  flow  technique  devised  for  the  investigation  of  extremely 
rapid  reactions  (cf.  Chance,  1953).  Peroxidase  and  catalase  have  been 


the  subject  of  the  most  detailed  work,  but  similar  studies  are  proceeding 
with  cytochromes.  Quantitative  determination  of  the  concentrations 
of  the  enzyme  and  its  derivatives  is  achieved  by  spectroscopic  and 
polarographic  methods. 

One  of  the  problems  to  be  solved  when  the  concentration  of  inter¬ 
mediate  enzyme-substrate  compounds  can  be  determined  is  the 
recognition  of  the  active  intermediate  in  the  overall  enzyme  reaction 
Two  methods  have  been  employed,  utilising  steady  state  or  transient 
state  kinetics  (Chance,  1952).  These  will  be  discussed  in  turn. 

In  the  steady  state,  from  equations  (144)  and  (146) 


-OS/df 


qui  =  K2Zi, 


tathkfi/i"1?  ,be  varied  by  cha"SinS  the  enzyme  concentration 
t  this  would  lead  also  to  a  proportionate  change  in  the  concentration 

Of  any  macttve  complex.  A  better  method  is  to  vary  the  substrate 
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concentrations,  s  or  z.  The  relation  between  s ,  z  and  c  in  the  steady 
state  is,  from  equation  (147)  (p.  205), 


1  +  {k_!  +  k2z)/k1s  1  +  Km/s 

Similarly,  c  may  be  varied  by  the  addition  of  specific  inhibitors.  If 
the  behaviour  of  c,  over  wide  ranges  of  substrate  concentration, 


satisfies  equations  (163)  and  (164),  it  is  likely  that  the  intermediate 

being  observed  is  in  fact  the  active  enzyme-substrate  complex. 

Investigations  of  transient  state  relationships  are  found  to  be  more 
economical  and  are  both  experimentally  convementandtheoreuray 
plpo„nt  Tn  tne  presence  of  an  excess  of  second  substrate  the  Kinetic 
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as  the  substrate  disappears.  The  disappearance  of  substrate  and 
appearance  of  product  may  similarly  be  divided  into  three  phases. 
In  the  initial  part  of  the  first  phase,  since  c  —  0,  from  equation  (145) 
(p.  205) 

dc/dt  —  k^e 

and  Ari  may  be  calculated. 

In  the  steady  state  phase,  equation  (164)  applies,  and  KM  may  be 
determined,  since 

Km  =  s(e  —  c)/c  (165) 


By  measuring  ds/dt  and  c,  k2  may  be  evaluated,  since  (equation  163) 


k2 


1  ds 
zc  d  t 


(166) 


In  the  third  phase,  if  the  enzyme  concentration  is  high  ( e  Ku), 
the  concentration  of  free  substrate  is  negligible  and,  from  equation 
(145)  (p.  205) 

dc/dt  =  —(koZ  +  k_j)c  (167) 


Hence  k_2  may  be  evaluated.  When  k_j  is  found  to  be  negligible 
(as  with  peroxidase  and  catalase)  k„  may  be  determined  directly 
from  equation  (167).  From  differential  analyser  solutions  of  the 
kinetic  equations  (144)— (146)  it  has  been  found  that 

k2z  =  s0/cmth 


where  cm  is  the  maximum  (steady  state)  value  attained  by  c  (Fig.  46), 
the  time  required  for  c  to  rise  from  zero  and  fall  to  \cm  and  j  the 
initial  concentration  of  S.  From  these  data  KM  can  be  calculated  in 
three  ways: — 

a)  from  the  values  of  the  rate  constants  (equations  164,  166  and 
167)  since 

—  (k-i  +  k2z)/k ; 

b)  from  measurements  of  concentrations  (cf.  equation  165) 


Km  =  s(e  -  cj/cm 

and^)  meaSUrCmentS  °f  ^  °VeraH  reaCti°n  mte  ^uations  163 


Km  —  s 


K22e 
— ds/dt 


■ 


Agreement  of  these  values  shows  that  the  complex  fulfils  the  reauire 
ments  for  an  intermediate  in  the  enzymic  reaction.  q 
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A  very  powerful  method  for  detecting  the  active  intermediate  in  a 
reaction  and  evaluating  the  appropriate  constants  consists  of  the 
direct  solution  of  equations  (144),  (145)  and  (146)  for  c,  s,  z  and  /, 
giving  the  theoretical  curve  for  the  course  of  the  reaction  which 
can  be  compared  with  the  curves  obtained  from  experimental 
results. 

Kinetic  investigations  have  shown  that  combination  of  peroxide 
and  enzyme  is  a  bimolecular  reaction,  giving  a  green  (‘primary') 
compound.  For  catalase  this  is  the  active  complex  which  reacts  to 
yield  the  products  of  reaction.  A  primary  compound  can  be  converted 
to  a  red  (‘secondary’)  compound :  the  secondary  compound  of  catalase 
is  inactive,  but  that  of  peroxidase  lies  on  the  main  reaction  pathway. 
The  secondary  compound  from  catalase  may  be  produced  by  the 
action  of  a  high  concentration  of  hydrogen  peroxide  and  that  of  per¬ 
oxidase  by  an  electron  donor  such  as  /?-aminobenzoic  acid.  Other 
inactive  compounds  may  also  be  formed.  Comparison  of  the  spectral 
changes  observed  with  those  which  occur  in  the  oxidation  of  haem 
and  the  splitting  of  haem  from  protein  suggests  that  the  formation 
of  the  primary  compounds  involves  either  an  alteration  in  the  haem- 
protein  link,  or,  more  probably,  electron  transfer  between  the  iron- 
porphyrin-peroxide  group  and  the  methine  bridges  of  the  porphyrin 
ring  system.  Haemoglobin  and  myoglobin  form  compounds  similar 
to  the  secondary  compounds  formed  by  the  enzymes.  Measurement  of 
the  magnetic  susceptibilities  of  the  secondary  compounds  snows  that 
the  iron  is  in  the  ferric  state  and  other  data  suggest  that  this  is  so  for 
the  primary  compounds.  Titration  studies  indicate  that  one  molecule 
of  peroxide  combines  with  one  atom  of  iron  in  the  enzyme.  The  values 
of  the  dissociation  constants  (Ks)  of  the  active  complexes  are  extremely 
small  and  of  the  same  order  as  that  of  the  compound  of  haemoglobin 
and  carbon  monoxide.  The  mechanism  of  formation  of  the  enzyme- 
substrate  complex  is  not  known,  but  the  equation  which  expresses 

most  available  evidence  is 


Fe-HOH  +  H202  ->  Fe-HOOH  +  H20 

(The  linkages  of  iron  atoms  to  the  porphyrin  molecule  are  not indlc^^ 
The  rates  of  formation  and  decomposition  of  the  active  comp  ; 
are  extremely  high,  the  combination  of  enzyme  and  substrate .having 
a  second  order  rate  constant  of  about  10  •  Jhe  ene  ^ 

plexes  into  enzyme  and  substrate  is  negh^le  c<  enPzyme-catalysed 
rate  of  decomposition  into  the  products  of  the  enzyme  caiaiy 
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reaction.  The  reaction  schemes  and  values  of  the  rate  constants 
involved  are  shown  below. 

catalase  +  hydrogen  peroxide  .  primary  compound 

primary  compound  +  hydrogen  peroxide  — ^ 

catalase  +  water  +  oxygen 

kj  =  6  x  106  sec.-1  m-1;  k_:  <  0-02  sec."1;  k2  =  1-8  x  107  sec.-1  M"1. 

peroxidase  +  hydrogen  peroxide  ^  **  primary  compound 

primary  compound  +  p-aminobenzoic  acid  — kA — ^ 

secondary  compound  +  products 
secondary  compound  +  /?-aminobenzoic  acid  — kA — 

peroxidase  +  products 

kj  =  9  x  106  sec.-1  m_1;  k_t  —  3  sec.-1;  k2  —  5  x  104  sec.-1  m_1; 
k3  —  2x  103  sec.-1  m_1.  The  details  of  the  reaction  mechanism  are 
unknown:  it  has  not  been  possible  to  detect  free  radicals  in  the  reaction 
mixtureand  no  evidence  has  been  obtained  to  suggest  a  chain  mechanism. 
The  changes  undergone  at  the  iron  atoms  are  probably  as  follows: — 


catalase  Fe3+ HOH 

catalase-peroxide  primary  compound  Fe3+-HOOH 

peroxidase  Fe3+HOH 

peroxidase-peroxide  primary  compound  Fe3+HOOH 

peroxidase-peroxide  secondary  compound  Fe3+  OH 

Using  these  techniques  similar  investigations  are  being  made  on 
the  behaviour  of  catalase,  peroxidase,  dehydrogenases  and  cyto¬ 
chromes  in  the  living  cell  (Chance,  1954)  and  it  seems  likely  that  the 
results  will  be  of  considerable  chemical  and  physiological  interest. 


INHIBITION  AND  ACTIVATION  OF  ENZYMES 

The  rate  of  enzymic  reaction  depends  on  the  nature  and  concentrations 
of  substances  in  the  reaction  medium;  indeed  appreciable  catalysis 
of  the  overall  reaction  is  achieved  only  under  a  very  restricted  range  of 
conditions.  The  dependence  of  the  rate  on  substances  other  than  sub¬ 
strate  and  enzyme  is  often  of  considerable  theoretical  and  practical 
interest.  r 


It  is  convenient  to  classify  the  effects  of  substances  on  the  rate  of 
enzymic  reactions  as  irreversible  or  reversible.  Substances  which  cause 
irreversible  changes  in  proteins  in  general  also  affect  enzymic  proteins 
but  apart  from  providing  evidence  that  enzymes  behave  like  proteins’ 
these  results  are  of  little  theoretical  interest.  A  small  numbed  of  sub¬ 
stances  undergo  specific  and  irreversible  inhibitory  reactions  with 
particular  enzymes  in  stoichiometric  proportions  and  the  study  of  these 
may  throw  light  on  the  mechanism  of  the  reactions  catalysed  by  the 
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enzymes.  For  instance,  di-isopropyl  fluorophosphonate  phosphorylates 
and  irreversibly  inhibits  a  number  of  hydrolytic  enzymes.  It  is  sug¬ 
gested  that  this  compound  appears  to  be  an  inhibitor  rather  than  a 
substrate  simply  because  the  compound  it  forms  with  the  enzyme 
decomposes  only  slowly  (cf.  ‘Nu  683’,  p.  216),  while  the  complexes 
formed  by  recognised  substrates  are  hydrolysed  rapidly. 

The  reversible  changes  which  enzymes  undergo  are  of  considerable 
theoretical  interest  and  the  results  of  their  investigation  have  provided 
evidence  on  reaction  mechanisms.  In  the  following  sections  the  kinetics 
of  the  action  of  reversible  activators  and  inhibitors  will  be  considered: 
the  effects  of  hydrogen  and  metal  ions  and  of  co-enzymes  are  treated 
individually. 

Reversible  Inhibitors 

The  enzymic  catalysis  of  a  reaction  has  been  treated  in  terms  of  a  two- 
stage  reaction,  namely  the  binding  and  the  activation  of  the  substrate 
by  the  enzyme.  The  action  of  reversible  inhibitors  is  believed  to  take 
place  through  the  reversible  combination  of  enzyme  and  inhibitor 
to  give  an  enzyme-inhibitor  complex.  Inhibition  may  occur  through 
the  inability  of  the  enzyme  either  to  bind  or  to  activate  the  substrate.  It 
is  possible  that  substances  exist  which  increase  the  energy  of  activation 
for  the  decomposition  of  the  enzyme-substrate  complex,  without  com¬ 
pletely  preventing  the  occurrence  of  the  process,  but  the  kinetic  equations 
for  inhibited  reactions  are  commonly  formulated  assuming  that 

inhibition  is  ‘all  or  none’.  ...  .  . 

The  rate  equation  applicable  to  an  uninhibited  reaction  is  modified 

for  an  inhibited  reaction  by  inclusion  of  terms  of  the  form  (1  +  i/Kx . .  .)> 
where  Kj  is  the  dissociation  constant  of  the  complex  formed  by  enzyme 
and  inhibitor  I :  the  effect  of  these  is  to  allow  for  the  decrease  in  concen¬ 
tration  of  the  catalytically-active  enzyme.  ,  , 

The  equations  for  combination  of  inhibitor  with  both  enzyme  an 

enzyme-substrate  complex  may  be  formulated 

E  +  S  Cs  — — — >  E  +  P 

(ejc)  (*)  k-J  (<*) 
k3  „ 

E  +  I^==^C, 

(i)  k  -3  (c,) 


cs  +  I 


k  4 


k_4 


CSI 

( CSI ) 


where  Cs,  C 
inhibitor  and 


,  and  Cs/  represent  the  enzyme-substrate,  en z yme- 
enzyme-substrate-inhibitor  complexes,  respectively:  the 
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concentrations  are  shown  in  parentheses.  The  following  rate  and 
equilibrium  equations  may  be  formulated 

V  =  k^Cg 

Km  =  (k_4  +  k2)/k1  —  seFfcs 
Kt  =  k_3/k3  =  icp/cj 
KSI  —  k_4/k4  =  ics/csl 

The  ratio  of  the  total  enzyme  concentration,  e,  to  that  of  the  enzyme- 
substrate  complex  gives  the  ratio  of  the  normal  (uninhibited)  maximum 
reaction  velocity  to  the  inhibited  velocity,  i.e. 

e/cs  =  vmJv 

The  total  enzyme  concentration  is  the  sum  of  the  concentrations 
of  the  free  enzyme,  eF,  and  of  the  three  complexes,  thus 

e  =  eF  +  cs  +  Cj  +  cSI 

Solution  of  the  above  simultaneous  equations  for  vmaJv  in  terms  of 
Ku,  Kh  KSI,  s  and  i,  gives 

T^v(i+iMi+£)  <i68> 

When  complexes  are  formed  which  contain  two  inhibitor  molecules, 
extra  terms  of  the  form  result. 

The  kinetics  of  a  number  of  enzyme-inhibitor  systems  have  been 
found  to  follow  the  full  equation  (168),  where  Kj  ^  KSI,  e.g.  the 
inhibition  of  rabbit  liver  amidase  by  hexanoate  ion,  where  Kj  =9  mu 
and  KS1  =  67  him  (Bray  et  al .,  1955).  In  general  it  might  be  expected 
that  the  presence  or  absence  of  substrate  would  affect  the  affinity  of 
enzyme  for  inhibitor,  since  the  fact  of  inhibition  implies  a  close  con¬ 
nection  between  the  site  at  which  the  inhibitor  is  attached  and  the 

site  or  sites  which  are  concerned  with  the  binding  and  activation  of 
substrate. 

Three  simpler  versions  of  equation  (168)  are  of  interest.  The  first 
is 


V=t('+fJ  +  ' 


This  equation  applies  when  the  dissociation  constant  KSI  is  very  large 
ne.  when  the  ternary  complex  CS7  is  formed  in  negligible  amount! 

he  enzyme  therefore  combines  either  with  substrate  or  with  inhibitor 
“J f  Pres^ce  of  either  preventing  association  of  the  enzyme  with  the 
other  This  is  termed  competitive  inhibition,  since  substrate  and 
inhibitor  compete  for  enzyme.  I,  is  supposed  that  in  this  else  the 
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inhibitor  and  substrate  can  combine  with  the  same  site  on  the  enzyme, 
an  interpretation  which  is  in  agreement  with  the  observation  that 
reaction  products  and  structural  analogues  of  the  substrate  are  often 
competitive  inhibitors. 

An  example  which  is  frequently  quoted  is  the  inhibition  of  succinic 
dehydrogenase  by  malonate.  Many  other  examples  are  known,  for 
the  specific  nature  of  competitive  inhibition  provides  a  good  oppor¬ 
tunity  for  the  investigation  of  the  nature  of  the  enzyme  ‘active  centre’. 
For  a  group-specific  enzyme  it  is  theoretically  possible  to  measure  Ks 
for  substrates  of  differing  structures  (cf.  p.  212).  The  determination  of 
Ks  in  practice  is,  however,  laborious  and  sometimes  impossible. 
Km  can  be  determined  more  easily,  but  cannot  be  taken  as  a  measure  of 
the  affinity  of  enzyme  for  substrate.  With  a  competitive  inhibitor, 
however,  the  measurable  constant,  Kj,  is  a  dissociation  constant  and  is 
a  valid  measure  of  affinity.  Moreover,  a  wider  range  of  inhibitor 
structures  can  be  investigated,  for  a  variation  in  the  structure  of  a 
substrate  which  prevents  its  activation,  but  not  its  binding,  by  an 
enzyme  makes  it  impossible  to  measure  the  value  of  Ks  or  KXI;  in 
fact  it  converts  a  substrate  into  a  competitive  inhibitor. 

The  structure  of  the  active  centre  of  the  acetyl  cholinesterase  molecule 
has  been  investigated  by  the  method  described  in  the  preceding 
paragraph  (Nachmansohn  and  Wilson,  1951).  The  substrate,  acetyl¬ 
choline,  has  two  structural  features  which  seem  likely  to  be  points  of 
attachment  to  the  enzyme,  namely,  a  positively  charged  nitrogen  atom, 
which  could  readily  become  attached  to  an  anionic  site,  and  the 
susceptible  ester  link.  Results  of  studies  with  the  competitive  reversible 
inhibitors  prostigmine  and  eserine  are  consistent  with  the  existence 
of  an  anionic  site  on  the  enzyme.  These  two  inhibitors  are  very  specific, 
and  both  have  low  dissociation  constants.  They  are  somewhat  similar 
in  structure,  but  while  prostigmine  is  a  quaternary  ammonium  ion 
(=N+)  positively  charged  at  all  pH  values,  eserine  is  a  tertiary  amine 
which  exists  almost  entirely  as  a  positive  ion  (=NH4)  at  pH  6  and 
in  the  neutral  form  (=N)  at  pH  10.  It  is  found  that  the  eserine  cation 
has  an  affinity  twenty  times  as  great  as  that  of  the  neutral  form.  The 
difference  is  due  to  a  change  in  structure  of  eserine  rather  than  of  the 
enzyme,  since  the  affinity  of  prostigmine  is  the  same  at  pH  6  as  a 

Pl  The  existence  of  an  ester-splitting  (esteratic)  site  appears  likely  if 
the  nature  of  the  enzymic  catalysis  is  considered.  In  the  ester  link  the 
carbonyl  group  has  a  polar  character,  the  carbon  atom  being  positively 
and  the  oxygen  atom  negatively  charged.  Alkaline  hydrolysis  is 
achieved  by  ffie  attack  of  a  hydroxyl  ion  on  the  positive  carbor ,  atom. 
A  basic  group  in  the  enzyme  molecule  could  piesuma  y  c 
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similar  way.  The  validity  of  this  reasoning  has  been  shown  by  studies 
on  a  series  of  nicotinic  acid  derivatives  which  function  as  competitive 
inhibitors.  The  electrophilic  character  of  the  carbonyl  carbon  atom 
in  these  derivatives  increases  in  the  order 

o-  <  NH2  <  N(C2H5)1-  <  ch3  <  oc2h5 

when  these  radicals  replace  the  hydroxyl  of  the  carboxyl  group.  It 
is  found  that  the  affinity  of  these  derivatives  for  acetyl  cholinesterase 
increases  in  the  same  order. 

Extensive  studies  have  been  made  with  other  enzymes,  notably 
crystalline  proteases,  for  which  the  optimum  structures  of  substrates 
and  inhibitors  have  been  determined.  For  instance,  carboxypeptidase 
is  inhibited  by  the  D-isomers  of  amino-acids,  D-phenylalanine  being 
most  effective.  The  contributions  of  the  various  structural  components 
of  this  acid  (e.g.  — NH2,  — C6H5)  have  been  determined  by  evaluation 
of  Kj  for  related  compounds.  The  data  given  in  Table  18  show  that 


TABLE  18 

Competitive  inhibitors  of  carboxypeptidase  (Neurath  and  Schwert,  1 950). 


REFERENCE  NUMBER  COMPOUND  Kj  (fflM) 

(see  text) 

1  D-phenylalanine  20 

2  D-histidine  200 

3  y-phenyl  butyric  acid  1-13 

4  /3-phenylpropionic  acid  0  062 

5  phenylacetic  acid  0-39 

6  benzoic  acid  large 

7  /7-nitrophenylacetic  acid  2-5 

8  /?-phenylethylamine  oo 


the  a-amino  group  hinders  inhibition  (1  and  4),  but  the  carboxyl 
group  is  essential  (1  and  8):  the  nature  of  the  aromatic  ring  is  important 
(1  and  2,  5  and  7),  and  the  distance  of  separation  of  the  carboxyl  and 
phenyl  groups  is  critical  (3,  4,  5  and  6). 

An  aspect  of  competitive  inhibition  which  is  of  both  physiological 
a"d  PharmacoloSical  interest  emerges  from  the  generalised  treatment 
of  Straus  and  Goldstein  (1943)  and  Myers  (1952)  (p.  215).  When  the 
concentration  of  inhibitor  is  of  the  same  order  as  that  of  enzyme  and 
the  dissociation  constant  is  small  enough  to  place  the  system  in  zone 
C  with  respect  to  inhibitor,  the  degree  of  inhibition  is  proportional 
to  the  inhibitor  concentration  and  independent  of  the  value  of  the 
dissociation  constant.  There  is  consequently  a  limit  to  the  efficiency  of 
an  inhibitor  which  cannot  be  exceeded  by  changing  its  structure  in 
such  a  way  as  to  increase  its  affinity  for  the  enzyme 
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Another  common  type  of  inhibition,  termed  non-competitive,  is 
described  by  the  equation 


which  results  from  the  application  to  equation  (168)  of  the  condition 
—  Ksi-  The  inhibitor  is  supposed  to  have  the  same  affinity  for 
enzyme  and  for  enzyme-substrate  complex  and  consequently  to  affect 
only  the  activation  of  the  substrate  and  not  the  binding  of  substrate. 
The  term  ‘non-competitive’  arises  from  the  fact  that  the  degree  of 
inhibition  is  determined  only  by  the  inhibitor  concentration,  being 
independent  of  the  concentration  of  substrate.  Non-competitive 
inhibitors  in  general  bear  no  structural  resemblance  to  the  substrate  of 
the  enzyme  they  inhibit.  For  instance,  fumarase  is  non-competitively 
inhibited  by  thiocyanate,  enzymes  which  contain  sulphydryl  groups 
by  heavy  metals  and  enolase  (a  magnesium  enzyme)  by  fluoride.  The 
information  to  be  derived  from  studies  on  non-competitive  inhibition 
is  limited  but  useful,  for  the  nature  of  one  of  the  groups  necessary  for 
activation  may  be  deduced,  together  with  the  knowledge  that  it  does 
not  bind  the  substrate. 

When  the  inhibitor  combines  with  enzyme-substrate  complex,  but 
not  with  the  free  enzyme  (i.e.  Kj  —  go),  equation  (168)  reduces  to 

=  El  +  (i  +  (169) 

v  s  \  KSIJ 

This  type  of  inhibition,  which  is  rare,  has  been  called  ‘uncompetitive’. 
An  example  is  the  inhibition  of  cytochrome  oxidase  by  azide,  which 
combines  with  the  oxidised  (enzyme-substrate)  form,  but  not  with  the 
reduced  (free  enzyme)  form  of  the  oxidase  (Winzler,  1943). 

Equation  (169)  expresses  also  the  kinetics  of  inhibition  by  substrate. 
Assuming  that  a  second  molecule  of  substrate  can  combine  with  the 
active  enzyme-substrate  complex  to  give  an  inactive  complex,  in 
accordance  with  the  following  equations 

E  +  s  Cs  — — — *•  E  +  p 

Qs  +  s  ^  css 

the  rate  of  reaction  is  given  by  the  equation 

Umax  _  _j_  /  j  |  $  \  (170) 

v  s  \  Kss! 

which  is  identical  with  equation  (169)  applied  to  a  system  where 
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substrate  and  inhibitor  are  identical.  A  plot  of  v  against  log  s  gives 
a  symmetrical  bell-shaped  curve  (Fig.  47).  Examples  of  inhibition  by 


Fig.  47  Substrate  concentration-velocity  curve  for  hydrolysis  of  ^-hexanamide 
by  rabbit  liver  amidase  at  37-2°  and  pH  8-7  (Bray  et  al.,  1955) 

substrate  are  provided  by  the  hydrolysis  of  acetylcholine  by  acetyl 
cholinesterase,  of  ethyl-L-mandelate  by  sheep  liver  lipase  and  of 
hexanamide  by  rabbit  liver  amidase. 

Enzymes  usually  have  a  much  greater  affinity  for  the  first  molecule 
of  substrate  than  for  the  second.  The  relative  affinities  may  be  measured 
by  the  quotient  KSS/4KS.  If  the  enzyme  has  the  same  affinity  for  both 
the  first  and  second  substrate  molecules,  the  value  of  this  quotient 
will  be  unity,  according  to  the  step  reaction  theory  (p.  112),  while, 
if  the  affinity  is  greater  for  the  first  substrate  molecule,  KSS/4KS  will 
have  a  value  greater  than  unity.  Lipase  and  acetyl  cholinesterase 
(Table  19)  are  typical  examples  of  enzymes  inhibited  by  substrate, 
but  the  relative  affinity  of  amidase  for  the  second  molecule  of  substrate 
is  unusually  high. 

TABLE  19 


Relative  affinities  of  enzymes  for  first  and  second  molecules  of  substrate 

ENZYME  SUBSTRATE  KSS/4KS 

amidase  hexanamide  1 .5 

l*Pase  ethyl-L-mandelate  25  0 

acetyl  cholinesterase  acetylcholine  30-7 

Values  from  Bray  et  al.  (1955),  Bamann  &  Schmeller  (1929)  and  Wilson  & 

Bergmann  (1950). 
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Inhibition  by  substrate  according  to  equation  (170)  is  often  called 
inhibition  by  ‘excess’  substrate.  The  analogy  with  uncompetitive 
inhibition  raises  the  question  as  to  whether  or  not  competitive  and 
non-competitive  inhibition  also  occur  with  substrate  as  inhibitor. 
Solution  of  the  appropriate  kinetic  equations  for  competitive  inhibition 
gives  an  expression  of  the  form  of  equation  (168),  namely 


v. 


V 


s 


where  v'max  is  the  maximum  obtainable  velocity,  of  necessity  in  the 
presence  of  inhibitor,  and  K'M  is  the  apparent  Michaelis  constant. 
v'max  and  K'm  are  related  to  the  constants  vmax  and  KM  which  would 
characterise  the  system  in  the  absence  of  substrate  inhibition  by  the 
equations 


""  (1  +  K'JK's) 

1  /K'm  =  l/Ks  +  1  /Km 


max 


where  K’s  is  the  dissociation  constant  of  the  inactive  complex.  Com¬ 
petitive  inhibition  by  substrate  therefore  cannot  be  detected  by  kinetic 
studies.  Conversely,  it  cannot  be  ascertained  whether  or  not  the 
experimentally-determined  Michaelis  or  dissociation  constant  is 
peculiar  to  the  active  enzyme-substrate  complex  or  whether  it  is  a 
quantity  determined  also  by  inactive  enzyme-substrate  complexes. 
The  occurrence  of  inactive  enzyme-substrate  complexes  revealed  by 
systems  obeying  equation  (170),  together  with  the  more  direct  demon¬ 
stration  of  inactive  enzyme-substrate  complexes  of  iron-porphyrin 
enzymes  (p.  220),  indicates  the  need  for  caution  in  interpreting  data 

from  kinetic  studies.  ,  ,  .  , 


It  has  been  suggested  that  inactivation  by  ‘excess’  substrate  is  due 
,  .  _ _ Kmnrt  ottanhpA  to  nnlv  nart  of  the  active 


than  would  be  expected. 
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particular  pH  value,  decreasing  rapidly  on  either  side  of  this  value 
Since  enzymic  activity  can  be  studied  easily  only  in  the  neighbourhood 
of  the  ‘optimum  pH’,  this  is  one  of  the  characteristics  determined 
early  in  the  study  of  an  enzyme.  The  optimum  pH  of  an  enzyme  is  not 
of  fundamental  theoretical  interest,  since  it  is  the  result  of  the  operation 

of  several  different  factors.  ... 

At  pH  values  far  removed  from  the  isoelectric  point,  irreversible 

inactivation  of  an  enzyme  occurs:  if  the  pH  value  is  extreme,  extensive 
irreversible  denaturation  takes  place,  as  with  non-enzymic  proteins. 
The  limits  of  stability  are  usually  quite  closely  defined,  and  within  these 
limits  the  enzymic  activity  is  affected  reversibly  by  pH  changes.  It  is 
this  reversible  pH  effect  which  is  of  major  theoretical  interest.  There 
appear  to  be  two  modes  of  reversible  inactivation  by  pH.  One  is 
very  strongly  temperature-dependent  and  comes  into  operation  fairly 
suddenly  as  the  temperature  is  raised,  usually  in  the  range  35-50°C, 
operating  until  the  temperature  is  high  enough  for  irreversible  denatura¬ 
tion  to  occur.  This  type  of  reversible  inactivation  is  most  conveniently 
considered  as  an  aspect  of  reversible  thermal  denaturation,  affecting 
the  general  structure  of  the  protein  (p.  156).  At  lower  temperatures, 
where  this  effect  is  insignificant,  there  is  still  a  reversible  dependence  of 
the  rate  of  an  enzymic  reaction  upon  pH,  the  temperature-dependence 
being  relatively  small:  it  is  this  aspect  of  the  pH-dependence  of  activity 
which  is  considered  in  this  section.  It  is  of  particular  interest  because 
it  seems  to  be  related  mainly  to  changes  in  the  active  centre  of  the 
enzyme. 

The  change  in  enzymic  activity  with  pH  suggests  that  acid-base 
phenomena  play  a  part  in  the  catalysis.  As  there  are  two  independent 
reactants,  substrate  and  enzyme,  the  possession  of  ionic  properties  by 
either  could  account  for  the  phenomenon.  Different  ionic  forms  of  a 
substrate  differ  considerably  in  their  properties  and  it  is  conceivable 
that  only  one  form  may  combine  with  the  enzyme  and  react.  Since  the 
ionisation  of  known  substrates  can  be  studied  in  the  absence  of  enzyme, 
this  cause  of  pH-dependence  can  be  allowed  for  and  it  is  found  necessary 
to  assume  that  the  ionisation  of  the  enzyme  itself  affects  its  activity. 
For  instance,  many  carbohydrates  do  not  ionise,  while  acetylcholine 
always  bears  a  positive  charge,  yet  the  activities  of  both  carbohydrases 
and  acetyl  cholinesterase  vary  with  pH. 

It  was  first  suggested  (Michaelis  and  Davidsohn,  1910)  that  only  the 
zwitterion  form  of  an  enzyme  is  active,  but,  since  the  optimum  pH 
and  the  isoelectric  point  do  not  often  coincide,  the  concept  was  revised 

the  activity  being  supposed  to  depend  on  the  ionisation  of  certain 
groups  in  the  enzyme  molecule. 

It  can  be  seen  from  equation  (155a)  that  the  variation  of  rate  with 


230 


THE  KINETICS  OF  ENZYMIC  REACTIONS 


pH  may  be  due  to  variation  in  vmax  or  in  KM,  for  a  substrate  existing 
in  only  one  form.  vmax  may  vary  if  any  of  its  components,  k2,  e ,  2, 
vary.  For  instance,  the  value  of  k2  may  be  a  function  of  the  electrical 
field  around  the  active  centre  of  the  enzyme.  This  is  often  found 
to  be  significant  in  purely  chemical  reactions  and  such  observations  as 
the  dependence  of  enzymic  activity  upon  the  ionic  strength  of  the 
medium  suggest  that  it  is  also  significant  in  enzymic  reactions.  If  only 
one  ionic  form  of  the  active  centre  is  capable  of  catalysing  the  reaction, 
so  that  k2  may  either  have  a  finite  value  or  be  equal  to  zero,  it  is  simpler 
to  consider  that  e  varies,  e  becoming  the  concentration  of  active 
enzyme.  The  same  considerations  apply  to  z  as  to  s ,  but,  in  addition, 
in  hydrolytic  reactions  either  hydrogen  or  hydroxyl  ions  may  play  a 
direct  part  in  the  reaction  of  the  enzyme-substrate  complex  to  give 
products,  in  which  case  z  would  vary  continuously  with  pH.  Similarly 
Km  may  vary  if  any  of  its  component  constants,  k2,  k_lf  k2  or  z,  varies. 

In  an  ideal  investigation  of  the  dependence  of  reaction  rate  upon  pH 
the  dependence  of  the  individual  rate  constants  should  be  determined. 
In  practice  this  is  rarely  possible:  it  is  more  often  feasible,  and  of 
theoretical  interest,  to  determine  the  effect  of  pH  on  Ks,  i.e.  on  the 
affinity  of  enzyme  for  substrate,  and  on  k2.  In  addition,  in  hydrolytic 
reactions,  the  roles  of  hydrogen  and  hydroxyl  ions  in  the  decomposition 
of  the  enzyme-substrate  complex  may  be  determined.  Determination 
of  the  ionisation  constants  of  the  enzyme  may  also  suggest  the  nature 
of  the  amino-acid  residue  involved  in  binding  or  activating  the  sub¬ 
strate.  The  amount  of  work  involved  in  a  study  of  the  pH-dependence 
of  equilibrium  and  rate  constants  is  large,  however,  and  relatively 
few  enzymes  have  been  subjected  to  such  intensive  investigations. 


Individual  rate  constants  can  be  measured  for  the  iron-porphyrin 
group  of  oxidases  and  it  has  been  shown  that  their  values  are  lemarkably 
inHpt^nrW  of  nH.  There  is  some  confusion  in  this  field,  however, 
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nor  hydroxyl  ions  determines  the  rate  of  decomposition  of  the  enzyme- 

substrate  complex.  ,  .  , 

The  ionisation  of  the  enzyme  may  be  treated  by  postulating  the 

existence  of  three  forms  of  the  enzyme,  EH|,  EH  and  E“,  differing  by 
only  a  hydrogen  ion:  EH  is  regarded  as  the  active  species.  The  stoichio¬ 
metric  equations  are 

EH  +  ^  EH  +  H+  dissociation  constant  KEH+ 

EH  ^  E“  +  H+  dissociation  constant  KEH 

EH  +  S  ^L±  Ct - EH  +  P 

*-l 

In  addition,  the  enzyme  is  inhibited  by  substrate,  i.e. 

Cx  +  S  ^  C2  dissociation  constant  Kss 


(171) 


The  rate  equation  for  the  steady  state  is 

VS  -  \  a _ Km[H+] _ . _ KmKeh 

v  ~  {Ker%\Km  +  5  +  s2/Kss)  ^  [H+](Km  +  .9  -f  s2/Kss) 

where  v0  is  the  reaction  rate  at  optimum  pH.  It  is  evident  that  in  the 
acid  range  v0/v  varies  in  a  linear  manner  with  [H+],  and  in  the  alkaline 
range  with  1/[H4],  i.e.  with  [OH-].  Results  obtained  for  the  enzymic 
hydrolysis  of  acetylcholine  (Fig.  48)  are  in  agreement  with  equation 
(171),  the  values  of  KEH+  and  KEH  being  7  x  10-8  m  and  5  x  10-10  m, 
respectively.  The  value  of  pKEII+  (7-2)  suggests  that  the  enzyme  is  an 
imidazole  derivative,  since  the  value  of  pK  for  the  nitrogen  atom 
of  this  ring  is  7-0  (5-6-7-0  in  proteins).  The  pK  values  of  carboxylate, 
phosphate,  guanido-  and  amino-  groups  probably  differ  considerably 
from  1-2. 

Histidine  is  implicated  also  in  the  action  of  chymotrypsin  which  is 
active  over  the  pH  range  6-9:  for  the  hydrolysis  of  both  the  amide 
and  the  ethyl  ester  of  benzoyl-L-tyrosine  in  30%  methanol  a  sharp 
maximum  rate  occurs  at  pH  7-8  (Neurath  and  Schwert,  1950).  Titration 
studies  show  that  there  are  no  more  than  three  groups  which  ionise 
each  having  a  value  of  A H°  of  -5  kcal. /mole  (weight  23,000),  which  is 
identical  with  that  of  the  imidazole  structure.  The  formation  of  a- 
chymotrypsm  from  chymotrypsinogen  reveals  an  extra  ionising  group 
\w  a  pA  value  of  6-8.  In  addition,  photochemical  oxidation  in  the 
presence  of  methylene  blue  destroys  one  of  the  two  histidine  residues 
which  are  free  in  both  enzyme  and  precursor.  Tryptophan  and  tyrosine 

action  UXr°rioTlP954)  ‘°  **  ‘n  ehy™<ryP‘ic 
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In  pepsin,  which  acts  in  relatively  acid  media  (pH  1-2),  it  has  been 
shown  that  modification  of  tyrosine  and  carboxyl  groupings  affects 
activity,  but  the  free  amino  groups,  two  disulphide  links  and  the  * 
phosphate  ester  group  which  are  present  in  the  molecule  are  not 


Fig  48  v0lv  for  acetyl  cholinesterase  as  a  function  of  concentrations  of  hydrogen 
and  hydroxyl  ions  (Wilson  and  Bergmann,  1950) 


involved.  This  direct  implication  of  specific  amino-acid  residues  in 
enzymic  activity  suggests  that  p K  values  derived  from  kinetic  studies 
of  pH-rate  dependence  may  have  real  significance  and  be  related 
to  particular  amino-acid  residues  at  the  active  centre  of  the  enzyme. 
This  conclusion  is  not  self-evident,  for  apparent  pK  values,  not 
necessarily  characteristic  of  any  individual  group,  could  be  derived, 
even  if  the  state  of  ionisation  of  all  the  groups  in  the  enzyme  molecule 
affected  the  activity.  The  problem  of  interpreting  the  purely  kinetic 
evidence  belongs  to  the  province  of  step-reaction  theory  (p.  110). 

The  variation  of  rate  with  pH  is  sometimes  found  to  depend  on  the 
nature  and  concentration  of  the  ions  present.  Thus  Massey  (1953 
a  &  c)  working  with  fumarase,  found  that  some  anions  raise  the 
oDtimum  PH  by  changing  the  alkaline  portion  of  the  pH-act.vity 
curve  and  others  by  changing  the  acid  portion.  No  adequate 
his  been  offered  Fig.  49  shows  the  variation  of  vM,  and  KM  with  pH. 

Kffkwood  (1954)  has  developed  an  interesting  treatment  of  protein 
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ionisation  which  might  explain  the  apparent  dependence  of  ionisation 
constants  determined  by  kinetic  studies  on  the  nature  of  the  solutes 
present  in  the  reaction  medium.  Proteins  contain  a  number  of  groups 
to  which  protons  may  be  attached:  these  groups  are  either  neutral 


Fig.  49 


Variation  with  pH  of  Michaelis  constant  and  maximum  velocity 
reaction:  fumarate  ^  malate  (Massey,  1953a  &  c) 

(F  =  fumarate  as  substrate;  M  =  malate  as  substrate  ) 


iui  me 


(e  g.  -NH2)  or  negatively  charged  (e.g.  -COO  ).  Except  in  very  acid 
so  u  ions,  the  number  of  protons  bound  will  be  smaller  than  the 
total  number  of  basic  sites  which  are  available,  so  that  many  possible 
configurations  may  exist.  Kirkwood  supposes  that  since  many  of  the 

:a°Srf:°nSHW,1‘d,5er'lttIe  in  free  ^  Actuations  in  configu 
.  fl  r8‘  mduced  by  thermal  motion)  will  occur.  This  would  lead 
o  a  fluctuating  multipole  electric  moment  in  the  protein  molecule 
He  showed  that  two  protein  molecules,  separated  in  solution  wifi 
mutually  influence  the  fluctuations  in  the  configurations  of  charges 
producing  a  potential  diminishing  with  the  inverse  smmrr>  V^i  ’ 
d, stance  between  the  molecules.  Thf  effect  is  dlmSed  i^thTprl^ 
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of  salts.  If  to  this  general  picture  specific  effects  are  added,  it  can  be 
appreciated  that  relatively  distant  groups  could  affect  local  inter¬ 
actions  of  complementary  sites  on  two  proteins  or  on  one  protein 
and  a  smaller  molecule,  by  acting  as  sources  and  sinks  of  mobile 
charges.  A  permanent  charge  or  dipole  moment  on  an  approaching 
ion  or  molecule  could  therefore  affect  the  distribution  of  charges  on 
the  protein  molecules  so  that,  for  example,  a  fumarate  ion  approaching 
the  active  centre  of  fumarase  may  induce  a  suitable  configuration  of 
charges  for  combination  to  occur.  If  the  specific  affinities  of  anions 
and  cations  for  particular  amino-acids  are  also  considered,  together 
with  the  variations  in  the  values  of  ionisation  constants  determined 
by  the  nature  of  the  sequence  of  amino-acids,  it  is  evident  that  obser¬ 
vation  of  p K  values  which  do  not  correspond  with  those  of  any  isolated 
amino-acid  might  be  expected.  As  yet  too  little  is  known  about  the 
structure,  and  even  of  the  amino-acid  composition,  of  enzymes,  or  of 
the  affinities  of  ions  for  groups  on  peptide-linked  amino-acids,  to 
permit  more  than  very  tentative  explanations  of  observed  results. 
Indeed,  few  comprehensive  studies  of  the  dependence  of  enzymic 
activity  on  pH  and  ionic  composition  appear  to  have  been  reported. 

A  general  theoretical  treatment  of  the  effect  of  pH  on  enzymic 
activity  has  been  reported  by  Dixon  (1953).  It  is  suggested  that  the 
equilibrium  of  an  enzyme  with  either  a  substrate  or  an  inhibitor  should 
be  expressed  by  a  logarithmic  function  similar  to  that  used  in  equilibria 
concerning  hydrogen  ions  (pH)  (p.  117),  oxidation-reduction  (r  ) 
(p.  123)  and  phosphate  compounds  (rP)  (p.  131).  Defining  two  new 

functions  as  follows, 

pS  -  —log  5 
pi  =  -log  i 

the  equilibrium  relations  for  the  reaction  of  an  enzyme  with  a  sub- 
strate  or  inhibitor,  i.e.  for  the  reactions 


E  +  S^C 


s 


E  +  I  ^  Q 

may  be  written  in  logarithmic  form 

pS  =  p Ka  -  log  ( cs/e ) 

where  cs  is  the  concentration  of  the  enzyme-substrate  complex  Cg 

and  pi  =  pA",  -  log  (c,le) 
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typical  sigmoid  curve  which  is  precisely  the  same  as  that  obtained  b\ 
plotting  pi  against  the  degree  of  inhibition  of  an  enzyme  or  pS  against 
the  extent  to  which  an  enzyme  is  combined  with  substrate  (called  by 
Dixon  the  ‘degree  of  substration’).  The  effect  of  pH  on  the  degree  of 
combination  of  the  enzyme  with  substrate  or  inhibitor  depends  on  the 
manner  in  which  the  free  enzyme  or  the  enzyme  complexes  ionise. 
The  treatment  is  analogous  to  that  used  for  rH  (p.  123)  and  results  in 
the  equation 


p Ks  =  pKso  +  log  <f>(Cs)  -  log  (f>{ E)  -  log  <f>  (S) 


where  p Kso  is  the  value  of  pKs  for  the  unionised  system  and  (f>  ( Cs ), 
<f)  (E)  and  (f>  (S)  are  functions  of  pH  for  Cs,  E  and  S,  respectively  and 
are  of  the  form 


(where  Kj,  and  K2  etc.  are  ionisation  constants  of  any  acidic  groups 
present),  according  to  whether  the  structure  has  0,  1,  2  etc.  ionisable 
groups.  Dixon  has  formulated  a  number  of  ‘rules'  for  the  use  of 
functions  such  as  pH,  rH  and  r P.  For  interpreting  data  derived  from 
a  study  of  the  pH-dependence  of  an  enzyme  system  the  relations 
between  pH  and  pKs  or  p Kj  are  of  particular  interest.  The  first  rule 
states  that  the  slope  of  a  graph  of  pA^  (or  p/f7)  and  pH  is  numerically 
equal  to  the  alteration  in  charge  on  dissociation  of  the  enzyme- 
substrate  or  enzyme-inhibitor  complex.  For  instance,  if  there  is  no 
change  in  charge  on  reaction  of  substrate  and  enzyme,  the  slope  is 
zero.  This  would  be  expected,  for  example,  when  a  carbohydrate 

combines  with  an  enzyme,  or  when  electrostatic  attraction  of  enzyme 
and  substrate  occurs,  e.g. 


R  COO  +  enzyme-NH^  ->  enzyme-NH3f  OOCR 
On  the  other  hand,  if  a  univalent  anion  reacts  with  an  enzvmp  tn 


phosphatase  combines  with  a  phosphate  ester,  on, 
hydroxyl  groups  of  the  substrate  combines  with  the 


an  unionised  link,  thus 


one  of  the  ionised 
the  enzyme  to  form 


R  —  P2  +  E+ ->  R—  p-_E 
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The  breaks  in  the  curves  may  give  information  about  the  values  of  p K 
for  groups  at  the  active  centres  of  the  enzyme.  Finally,  information 
may  be  deduced  about  the  nature  of  the  activation  process  from  the 
apparent  p K  values  of  an  enzyme-substrate  complex.  For  example, 
it  was  supposed  by  Quastel  (1926)  that  when  succinic  acid  is  activated 
by  its  dehydrogenase,  the  hydrogen  atoms  of  the  methylene  groups 
ionise.  It  is  not  known  whether  this  is  in  fact  so,  but  examination  of  the 
variation  of  Ks  with  pH  should  provide  relevant  evidence. 

Dixon  stated  that  the  variation  of  KM  over  a  considerable  pH  range 
was  recorded  in  the  literature  for  only  seven  enzymes,  namely  urease, 
phosphatase,  arginase,  invertase,  fumarase,  cholinesterase  and  xanthine 
oxidase.  Invertase  has  now  been  shown  to  be  a  transferase,  hydrolysing 
sucrose  indirectly,  so  that  kinetic  studies  carried  out  on  the  assumption 
that  it  was  a  purely  hydrolytic  enzyme  are  of  doubtful  value.  An 
account  of  fumarase  activity  is  given  separately  (p.  232).  Fig.  50 
shows  the  results  for  the  other  five  enzymes  mentioned  together  with 
those  for  the  hydrolysis  of  carbobenzoxyglycylphenylalanine  by 
carboxypeptidase. 

Fig.  51  shows  the  relation  between  p KM  and  pH  for  the  hydrolysis 
of  three  aryl  sulphates  by  a  bacterial  arylsulphatase  (Dodgson  et  cil., 
1955).  The  changes  in  direction  of  the  line  in  the  regions  ot  pH  7*6, 
8-2  and  9*4  are  common  to  all  three  substrates,  2-hydroxy-5-nitro- 
phenyl  (nitrocatechol)  sulphate,  /7-nitrophenyl  sulphate  and  /7-acetyl- 
phenyl  sulphate.  Since  titration  curves  show  that  none  of  these  com¬ 
pounds  possesses  ionising  groups  with  pA  values  of  7-6,  8-2  or  9-  , 
these  values  must  be  characteristic  of  groups  in  the  enzyme  or  enzyme- 
substrate  complex.  The  change  in  direction  at  pH  7-6  >s  attrlbuted  t0 
ionisation  of  the  complex  and  the  changes  at  pH  8-2  and  94,  which  are 
in  opposite  directions,  to  the  ionisation  of  the  free  enzyme.  The  curve 
for  the  hydrolysis  of  nitrocatechol  sulphate  differs  from  the  other  two 
in  displaying0 changes  in  direction  also  at  pH  6-5  and  7  0  The  change  at 
pH  6  5  corresponds  to  ionisation  of  the  free  phenolic  hydroxyl  group 
which  has  a  pK  value  of  6-5,  while  that  at  pH  7  0  is  probably  due  to 

ionisation  of  this  hydroxyl  group  in  the  eTec  ed 

More  complex  p^-pH  graphs  are  obtained,  as  £ ^Tal 

o°i  ‘  S  t 
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<a!  ^ni^hen™  s°uf,p« 

(Dodgson  et  al.,  1955)  ^ 


Table  20:  Summary  of  pH  effects  (after  Laidler,  1955) 
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1 .  For  all  classes  variation  in  rate  at  low  5  as  pH  increases  is  an  increase  3.  <f>  (s)  is  some  function  of  s  which  is  not  inverse, 

below  optimum  pH  and  a  decrease  above,  passing  through  a  maximum.  4.  No  variation  if  =  ^eh*- 

2.  (vmax)0pt  is  vmax  at  optimum  pH.  5.  No  variation  if  =  ^EH- 
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lose  or  gain  a  proton,  yielding  the  complexes  E~,  EH,  EH2  and  Cs- , 
QSH  and  C(SH2+.  The  solutionis  extremely  complicated  and  equations 
which  are  experimentally  applicable  are  obtained  only  if  it  is  assumed 
that  proton  dissociation  reactions  are  at  equilibrium:  other  workers 
arrived  at  similar  equations  by  applying  this  assumption  before 
solution  of  the  equations  (e.g.  Waley,  1953).  Laidler  has  pursued  the 
analysis  by  developing  the  kinetic  equations  corresponding  to  various 
possible  mechanisms  and  has  related  each  mechanism  to  a  characteristic 
pattern  of  variation  in  reaction  rate  with  pH  (Table  20).  Thus,  since 
a  maximum  of  two  ionising  groups  of  the  enzyme  (termed  acidic  and 
basic  groups)  are  assumed  to  be  implicated  in  catalysis,  it  is  possible 
that  either  the  acidic  group  or  the  basic  group,  or  both,  or  neither, 
is  responsible  for  the  formation  of  the  enzyme-substrate  complex: 
similar  considerations  apply  to  the  activation  of  the  complex. 

Values  of  the  apparent  ionisation  constants  of  various  enzymes  and 
enzyme-substrate  complexes  determined  by  Dixon  (1953),  Massey 
and  Alberty  (1954).  Myrback  and  co-workers  (1947,  1951,  1952)  and 
Laidler  (1955)  are  given  in  Table  21.  All  the  data,  with  the  possible 


TABLE  21 


Summary  of  pK  values  for  the  active  ionising  groups  of  enzymes  and  enzyme- 
substrate  complexes  (Laidler,  1955) 


ENZYME 

SUBSTRATE 

P^CSH  + 

P#EH  + 

P^EH 

pepsin 

egg  albumin 

—  00 

— 

- 

chymotrypsin 

methyl  hydro- 
cinnamate 

7-2 

^-amylase 

amylose 

—  00 

40 

80 

cholinesterase 

acetylcholine 

— 

6-2 

7-7 

acetyl  choline¬ 
sterase 

acetylcholine 

—  00 

7-2 

10  3 

sucrase 

sucrose 

—  00 

3  0 

6-6 

sucrase 

sucrose 

—  00 

2-6 

6-8 

sucrase 

raffinose 

—  00 

2-6 

6-8 

histidase 

histidine 

7-2 

v  U 

acid  phosphatase 

phenyl  phos¬ 
phate 

3-3 

9-2 

urease 

urea 

61 

_ 

P^CsH 

CLASS 

2-2 

III 

8  0 

8  0 

III 

6-2 

I(?) 

— 

Ill 

6-6 

III 

6-8 

III 

6-8 

III 

10-9 

I  or 
IV(?) 

6-9 

I(?) 

9-2 

Ior 

urease 

urea 

—  00 

fumarase 

fumarate 

6  0 

fumarase 

malate 

70 

arginase 

arginine 

pterine  oxidase 

2-amino-4- 

4-4 

hydroxypteridine 


t  See  Table  20.  (— )  :  insufficient  informat 
any  of  the  classes  I-1V. 


6-6 

IV  (?) 

90  90 

Ill 

5-7 

7-2  7-7 

IV(?) 

5-7 

66 

7-2  90 

-(?) 

5  3  (?) 

7-9  (?)  — 

II  or 
IV(?) 

to  classify.  — (?)  ;  values  do  not  agree  with 
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exception  of  those  for  /3-amylase,  can  be  interpreted  in  terms  of  two 
ionising  groups  at  the  active  centre  and  for  all  but  one  of  the  enzymes 
(serum  cholinesterase)  it  is  the  intermediate  (CSH)  form  of  the  enzyme- 
substrate  complex  which  reacts  to  yield  products.  For  five  enzymes 
(pepsin,  acetyl  cholinesterase,  sucrase,  /3-amylase  and  urease)  it  is 
concluded  that  only  the  basic  group  in  the  enzyme  active  centre  is 
involved  in  formation  of  a  complex  with  the  substrate,  while  for  the 
other  enzymes  in  the  table  the  acidic  group  is  also  involved.  None  of 
the  enzymes  binds  the  substrate  by  means  of  the  acidic  group  alone. 
In  all  the  enzymes  of  Table  21  both  the  acidic  and  basic  groups  are 
concerned  in  the  activation  of  the  enzyme-substrate  complex. 

The  theory  of  the  effect  of  pH  on  the  rates  of  enzymic  reactions  is 
now  quite  well-developed  and  it  would  be  of  great  interest  to  compare 
the  probable  mechanisms  for  a  wide  range  of  enzymes.  At  present, 
however,  the  number  of  enzyme  systems  for  which  KM  and  vmax  have 
been  determined  over  a  wide  range  of  pH,  in  a  well-chosen  buffer, 
is  small  and  a  firmly-based  theory  of  the  effect  of  pH  on  enzyme 
action  must  await  the  investigation  of  the  effect  of  pH  on  vmax  and  KM 
for  many  other  enzymes. 


THE  EFFECT  OF  METAL  IONS  ON  ENZYMIC  ACTIVITY 


Some  enzymes,  especially  peptidases,  show  full  activity  only  when  the 
enzyme  is  combined  with  a  particular  metal  ion.  The  enzyme-metal 
complex  is  reversible,  dissociation  being  caused  by  dialysis  and  sup¬ 
pressed  by  a  high  concentration  of  the  activating  ion.  For  such  systems 
the  reaction  rate  plotted  against  the  logarithm  of  the  ion  concen¬ 
tration  shows  a  typical  mass  action  curve.  Fig.  52  shows  the  theoretical 
curve  for  the  combination  of  one  manganous  ion  with  each  active 
centre  of  leucine  aminopeptidase  (Smith,  1951),  the  dissociation  con¬ 
stant  having  a  value  of  4-0  X  K)-5  m  at  40°  and  pH  8-0.  The  curve  was 
plotted  from  the  equation 


KMn*+  =  [Mn2+](p0  -  p)/p 

where  p  is  the  ‘proteolytic  coefficient’  (v/s)  and  p,  the  maximal  value  of  p. 
Since  the  enzymic  reaction  follows  first  order  kinetics  this  is  a  pei- 
missible  function  for  measurement  of  the  concentration  of  ac  ive 
enzyme,  since  under  these  conditions 


P  Vmaxl  K-M 

The  combination  of  ion  and  enzyme  in  this  system  is  slow,  taking 
several  hours.  This  fact,  together  with  observations  on  the  mob.  y 
and  colour  of  the  complex,  suggests  a  co-ordinate  structu  . 


METAL  IONS  AND  ENZYME  ACTIVITY  *-41 

Prolidase,  which  catalyses  the  hydrolysis  of  proline  dipeptides 
is  also  activated  by  manganese,  which  appears  to  combine  with  an 
— SH  group.  The  presence  of  such  a  group  is  indicated  by  the  inhibitory 


Fig.  52  Leucine  ammopeptidase  activity  (p)  as  a  function  of  concentration  of 
manganous  ion.  The  theoretical  curve  for  the  combination  of  one  ion  per  active 
centre  is  shown,  together  with  experimental  points  (Smith,  1951) 


action  of  />-chloromercuribenzoate  and  iodoacetamide  and  by  the 
stabilising  effect  of  cysteine  and  glutathione.  If  the  manganous  ion  is 
added  first,  however,  iodoacetamide  does  not  inhibit  the  enzyme 
As  with  leucine  ammopeptidase,  the  combination  of  enzyme  and 
metal  ion  is  slow  and  follows  the  mass  action  curve  expected  for  the 
addition  of  one  manganous  ion  per  active  centre.  It  is  known  that 

/Nfnc^xtendS  t0  f°rm  five'membered  chelate  rings  and  Smith  et  al 
5  *  Present  ev>dence  that  the  uncharged  amino  and  ionised  carboxyl 
groups  of  glycyl-L-proline  are  essential  points  of  attachment  The 
suggested  structure  of  the  enzyme-substrate  complex  is  shown  in 
Fig.  53.  That  the  metal  bridge  is  not  the  only  point  of  attachment  of 

“e  t0  pr0,idase  iS  Sh0Wn  b-V  fact" that  variation  ortho^e 


17 


242 


THE  KINETICS  OF  ENZYMIC  REACTIONS 


parts  of  the  substrate  not  concerned  in  chelation  affects  the  reaction 
rate.  Thus  glycylhydroxyl-L-proline  is  hydrolysed  much  less  rapidly 
than  is  proline.  Glycyl-r///o-hydroxy-L-proline,  however,  which  has 
a  hydroxyl  group  on  the  other  side  of  the  ring  is  hydrolysed  more 


Fig  53  Suggested  structure  of  glycyl-L-proline-manganese-prolidase  complex 
°  (Smith  et  al.,  1954) 


readily  Since  a  hydroxyl  group  in  either  of  these  positions  should 
have  approximately  the  same  effect  on  bond  strength  this  variation 
is  presumably  due  to  a  steric  effect.  This  is  confirmed  by  the  finding 
that  the  glycylmethoxy-L-prolines  are  less  readily  hydrolysed  than 
are  the  corresponding  hydroxy  derivatives.  The  effect  on  bond  strength 
should  be  somewhat  less  for  a  methoxyl  group  than  for  hydroxyl, 
but  the  steric  effect  should  be  greater,  on  account  of  the  greater  bulk 
of  the  methoxyl  group.  In  addition,  glycylsarcosine  which  has  a 
similar  imide  bond,  is  hydrolysed  very  slowly  and  glycyl-D-prolme 
.  i]  Tt  ceerns  that  there  is  a  specific  interaction  between  enzyme 

“  g 1*h  of  ite  mewl  =. 

This  agrees  with  the  finding  for  other  types  of  enzyme  in  that  mi 

point  attachment  to^substrate^occur^rent  ^  i$  provi(Jed  by  glycyl 

di  peptidase  which  is anfsubswate  "ukted" 

»  .  to  S  ~»  »“ 
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substrate  rather  than  of  the  enzyme,  the  substrates  of  the  enzy 
being  chelate  compounds.  This  concept  accounts  satisfactorily  for 
apparent  anomalies  in  the  kinetics  of  metal-activated  enzyme-substrate 

reactions 

It  has  been  suggested  (Klotz,  1954)  that  chelate  compounds  are 
unlikely  to  play  a  prominent  part  in  enzyme-catalysed  reactions, 
since  formation  of  a  chelate  compound  would  tend  to  stabilize  the 
enzyme-substrate  complex,  and  make  reaction  more  difficult.  Moreover, 
the  two  commonest  activating  metal  ions  are  Mg-  and  Mn2t_,  which 
are  weakest  in  co-ordinating  power.  Klotz  suggests  that  the  metal, 
while  forming  a  bridge  between  part  of  the  substrate  molecule  and  the 
enzyme,  is  of  major  significance  in  the  activation  rather  than  the 
binding  of  substrate.  There  is  insufficient  evidence  to  permit  any 
definite  conclusion,  and  no  single  theory  is  in  full  accord  with  the 
observed  facts. 


CO-ENZYMES  AND  ENZYMIC  ACTION 

Some  enzymes  require  for  catalytic  activity,  in  addition  to  the  protein 
(apo-enzyme),  a  relatively  small  organic  molecule  (co-enzyme).  Co¬ 
enzymes  appear  to  be  analogous  to  labile  prosthetic  groups.  The 
association  between  co-enzyme  and  apo-enzyme  is  reversible,  and 
follows  the  simple  mass  action  law,  as  for  the  association  of  a  metal 
ion  (p.  240).  Consequently,  at  concentrations  of  co-enzyme  much  less 
than  the  value  of  the  dissociation  constant  for  the  co-enzyme-apo- 
enzyme  complex,  the  amount  of  catalytically-active  enzyme,  and  hence 
the  rate  of  enzymic  reaction,  is  proportional  to  the  concentration 
of  co-enzyme.  At  much  higher  concentrations  a  saturation  effect 
is  found.  Fig.  54  shows  the  variation  in  reaction  rate  with  variations 
in  the  concentrations  of  tryptophanase  (apo-enzyme),  pyridoxal 
phosphate  (co-enzyme)  and  tryptophan  (substrate).  The  function  of 
the  pyridoxal  phosphate  in  the  hydrolysis  of  tryptophan  has  been 
investigated.  The  aldehyde  group  of  pyridoxal  phosphate  is  joined  to 
the  amino  group  of  tryptophan  to  form  a  planar  complex.  This  complex 
is  attached  to  the  apo-enzyme  by  the  phosphate  group  of  the  co-enzyme 
and  the  ring  nitrogen  atom  and  terminal  carboxyl  group  of  the  substrate 
(Fig.  19,  p.  35).  Thus  the  three  groupings  form  a  tertiary  complex, 
the  combination  and  subsequent  reaction  depending  on  the  detailed 
spatial  configuration  and  chemical  nature  of  the  molecules  involved. 
Pyridoxal  phosphate  acts  as  co-enzyme  also  for  many  other  reactions, 
e.g.  those  of  glutamic-aspartic  transaminase  and  tyrosine  decarboxylase! 

A  number  of  different  co-enzymes  have  been  characterised  and 
found  to  be  related  to  vitamins  of  the  B  complex.  Studies  in  vitro  have 
shown  that  a  co-enzyme  may  combine  with  any  of  the  several  protein 
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apo-enzymes,  yielding  enzymes  of  differing  activity.  This  led  to  the 
idea  that  each  labile  co-enzyme  serves  a  multiple  purpose  in  vivo,  but 
there  is  now  evidence  that  some  co-enzymes  are  firmly  attached  to 
protein  in  the  intact  cell,  being  split  off  by  the  procedures  used  in 
extraction  and  purification  (Green,  1951). 


An  example  of  a  co-enzyme  which  is  almost  certainly  labile  in  vivo , 
by  virtue  of  the  mechanism  of  the  reaction  in  which  it  is  involved,  is 
glucose  1 : 6-diphosphate,  the  co-enzyme  of  phosphoglucomutase. 
The  overall  reaction  which  occurs  is 

glucose  1 -phosphate  ^  glucose  6-phosphate 

The  mechanism  postulated  may  be  depicted  as 


(01  +  (0 

Ga  < 

(6) 


G, 


(6) 


+  (1) 

i 

(6) 


Ga 


the  diphosphate  transferring  its  1 -phosphate  group  to  position  6  of 
the  glucose  1 -phosphate,  thus  generating  a  new  molecule  of  co-enzym 
Leloir,  195 1)P  Thfs  mechanism  is  supported  by  the  fact  that  neither 
isotopically-labelled  glucose  nor  phosphate  ion  exchanges 
reactants.  The  kinetics  of  the  reaction  are  normal. 


TEMPERATURE  AMD  ENZYME  ACTIVIT) 


245 


THE  EFFECT  OF  TEMPERATURE  AND  PRESSURE 
ON  REACTION  RATE 

Since  equilibrium  constants  can  be  expressed  in  terms  of  standard 
thermodynamic  functions  and  rate  constants  can  be  interpreted  in 
terms  of  an  equilibrium  between  reactants  and  a  hypothetical  ‘transition 
state’,  both  equilibrium  and  rate  constants  concerned  in  enzymic 
reactions  can  be  interpreted  in  thermodynamic  terms.  The  kinetics  of 
enzymic  reactions  in  relation  to  changes  in  temperature  and  pressure 
have  been  investigated  in  attempts  to  elucidate  the  mechanism  of 
reaction,  the  equilibrium  and  rate  constants  being  related  to  thermo¬ 
dynamic  functions  by  equations  (16)  (p.  68)  and  (90)  (p.  142). 

’  The  quantity  which  can  be  determined  most  readily,  and  which  has 
been  the  subject  of  investigation  in  many  enzymes,  is  the  heat  (or 
energy)  of  activation  for  the  decomposition  of  the  enzyme-substrate 
complex  to  products  and  free  enzyme.  Since  vmax  is  proportional  to 
the  rate  constant  for  this  reaction  at  constant  concentrations  of  the 
catalytically-active  enzyme  and  the  second  substrate,  investigation  of 
the  variation  of  vmax  with  temperature  can  lead  to  the  determination 
of  Eact  or  A Hx.  Fig  55  shows  the  plot  of  log  vmax  and  \/T  for  cat  and 
human  bone  phosphatases,  the  values  of  Eact  being  9-869  and  10-140 
kcal./mole,  respectively,  over  the  temperature  range  12-0-42-4°C 
(Bodansky,  1939).  The  fit  of  the  Arrhenius  equation  is  of  the  same 
order  of  precision  as  for  purely  chemical  reactions.  When  the  concen¬ 
tration  of  enzyme  is  known  the  entropy  of  activation  (AS*)  may  also 
be  deduced.  Although  the  difficulty  of  defining  the  standard  state  of  an 
enzyme  renders  the  exact  value  of  AS^  uncertain,  it  has  been  concluded 
that  the  entropy  of  activation  is  of  the  same  order  for  both  enzymic 
and  non-enzymic  reactions  (Stearn,  1949).  The  greater  efficiency  of 
catalysis  by  enzymes  is  therefore  due  to  the  decrease  in  heat  of  activation 
(Table  22).  The  essential  action  of  the  enzyme,  therefore,  is  not  to 
increase  the  effective  concentration  of  the  reactants,  but  to  modify  the 
covalent  bond  which  is  to  be  broken  so  that  it  reacts  more  easily. 
There  are  a  number  of  ways  in  which  this  may  occur.  Electrostatic 
binding  of  the  substrate  to  the  enzyme  may  be  expected  to  decrease 
the  strength  of  adjacent  bonds,  by  analogy  with  the  action  of  solvents 
on  the  dissociation  of  acids.  Bond  strength  may  also  be  decreased  by 
resonance  effects  and  by  steric  distortion.  Formation  of  hydrogen 
bridges  between  the  active  groups  of  the  enzyme  and  part  of  the  sub¬ 
strate  molecule  would  modify  the  electron  density.  For  instance  if 
the  proton  were  contributed  by  the  substrate  (e.g.  by  a  hydroxvl 
group),  the  pattern  of  electron  density  of  a  substrate  would  approach 
hat  assumed  on  ionisation:  the  effect  of  the  enzyme  would  resemble 
that  of  an  alkaline  solution.  lDie 
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Fie.  55  Linear  relation  between  1  IT  and  logarithms  of  velocities  of  hydrolysis  of 
sodium  tf-elycerophosphate  by  bone  phosphatase.  For  clarity  4  0  has  been  added 
to  values  of  log  «w  for  the  cat  enzyme  (C)  and  5  0  to  those  for  the  human  enzyme 
(H).  The  value  of  Eact  for  cat  bone  phosphatase  was  found  to  be  9-869  kcal./moie 
and  that  for  the  human  enzyme  10-140  kcal./mole  (Bodansky,  1939) 


table  22 


Heats  of  activation  of  catalysed  and  uncatalysed  reactions  (Huennekens,  1953). 


SUBSTRATE 


catalyst  A//+  (kcal./mole) 


hydrogen  peroxide 


sucrose 


carbonic  acid 


urea 


For  use  of  A Hx  values  vice  Each 


none 

18-0 

I- 

13-5 

catalase 

6-4 

H+ 

25-6 

sucrase 

110 

none 

carbonic  anhydrase 

20-5 

11-7 

H+ 

24-5 

urease 

12-5 

see  p.  143. 
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It  is  suggested  (Eyring  et  al.,  1954)  that,  since  the  heat  of  activation 
is  rarely  much  greater  than  20  kcal./mole  and  is  usually  smaller,  the 
activated  complex  (transition  state)  must  be  quite  similar  to  the  normal 
enzyme-substrate  complex,  for  an  increase  in  energy  of  20  kcal./mole 
will  permit  only  a  little  stretching  or  distortion  of  bonds.  It  has,  however, 
been  found  that  significant  changes  in  the  shape  of  molecules  may 
occur  upon  excitation  (cf.  Ingold,  1954).  At  present  only  simple 
molecules  have  been  investigated.  The  molecules  CS2,  HCN  and 
C.,H.„  which  are  normally  linear,  become  ‘bent’  in  the  excited  state, 
and  "that  of  H2CO,  normally  planar,  becomes  pyramidal  in  shape. 
The  benzene  molecule,  however,  has  essentially  the  same  structure  in 
the  excited  and  normal  states.  It  seems  likely,  therefore,  that  the 
active  groups  of  enzymes  and  the  labile  groups  of  their  substrates  may 
undergo  a  marked  change  in  shape  when  the  enzyme-substrate  complex 
is  activated. 

Determination  of  the  dissociation  constant  of  the  enzyme-substrate 
complex  at  different  temperatures  gives  the  standard  heat  (AH0) 
and  entropy  (AS0)  of  reaction  for  the  formation  of  the  enzyme-sub¬ 
strate  complex.  The  sum  of  the  heat  of  formation  (AH0)  and  the  heat 
of  activation  (A  Hx)  of  the  enzyme-substrate  complex,  for  both  forward 
and  reverse  reactions,  should  have  the  same  value  as  the  standard  heat 
of  the  overall  reaction.  Massey  (1953b)  has  constructed  an  energy 
‘balance-sheet’  for  the  fumarase-catalysed  reaction 

malate  ^  fumarate  +  water 


on  the  assumption  that  the  Michaelis  constants  for  fumarase  for  both 
substrates  are  practically  identical  with  dissociation  constants  (Fig  56). 
The  agreement  of  the  calculated  value  of  AH0  for  the  overall  reaction 
with  that  obtained  from  thermal  data  is  evidence  that  the  assumption 
is  correct. 


When  the  combination  of  enzyme  and  substrate  is  practically  irrever¬ 
sible,  the  Michaelis  constant  bears  no  relation  to  the  dissociation  constant, 
but  is  a  ratio  of  the  rate  constants  for  two  successive  irreversible 
reactions,  namely  the  formation  and  decomposition  of  the  enzyme- 
substrate  complex.  The  apparent  value  of  AH0,  derived  from  the 
temperature  variation  is,  in  this  case,  the  difference  between  two 
heats  of  activation  (AH.}  -  A H})  corresponding  to  the  rate  constants 
of  equauons  (141)  and  (142)  (cf.  equation  (155b)).  When  only  the 
Michaelis  constant  can  be  evaluated  the  apparent  free  energy  heat 
and  entropy  values  derived  represent  no  recognisable  physical  quantities 
and  have  no  theoretical  significance.  They  will  lie  between  the  two 
possible  extreme  values  A H°  and  (AH}  —  AH}) 


248 


THE  KINETICS  OF  ENZYMIC  REACTIONS 


Since  the  individual  constants  k2  and  k_x  for  the  formation  and 
dissociation  of  the  enzyme-substrate  complex  can  be  determined  for 
very  few  enzymes,  there  is  very  little  information  on  the  heat  and 
entropy  of  activation  for  this  reaction.  For  catalase,  it  is  found  that  the 
heat  of  activation  for  the  formation  of  the  primary  complex  is  ex¬ 
tremely  small  (about  1-4  kcal./mole). 


Since  the  rate  of  reaction  at  a  given  substrate  concentration  is  deter- 
mined  by  vmax  and  KM,  and  is  not  in  general  proportional  to  a  single 
rate  constant,  the  variation  of  rate  with  temperature  will  not  neces¬ 
sarily  obey  the  Arrhenius  equation,  even  though  the  component 
reactions  do  so.  Even  when  a  value  for  energy  of  activation  can  be 
deduced  for  a  particular  temperature  range,  it  will  depend  on  the 
substrate  concentration,  varying  between  the  values  for  the  apparent 
energies  of  activation  characteristic  of  the  function  »,.,/%  at  , 
and  Of  0  at  high  substrate  concentrations.  Table  23  shows  results 
obtained  "for  the  apparent  energy  of  activation  for  the  hydrolysis  of 
triglycerides  by  lipase  at  various  substrate  concentrations  (Schwartz, 

^If  "activators  or  inhibitors  are  present,  the-  equilibrium  const?"‘s 
for  them  combination  with  enzyme  also  occur  in  the  rate  equation, 
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TABLE  23 

Variation  of  Eact  with  molarity  in  hydrolysis  of  triglycerides  by  pancreatic 

lipase  (Schwartz,  1943-4). 

Eact  (kcal./mole) 


MOLARITY 

01 
0075 
005 
003 
002 
001 
0005 
0003 
0  002 


BUTYRIN 

9-5 

7- 8 

8- 9 

7- 8 

8- 5 
7-9 

9- 2 
10  2 


VALERIN 

91 

10*7 
1 1  6 

1 1  4 

12  4 


CA  PROIN 

10  4 

11-2 

111 

121 

141 

151 

200 


HEPTYLIN  CAPRYLIN 


9-6 
1 1-2 

13  5 

14  6 
18-8 

22-3 


8-8 
8-8 
10  3 
120 
15-3 
17  9 

23-7 


and  may  help  to  determine  the  apparent  energy  of  activation,  even  it 
this  is  deduced  from  measurements  of  rates  made  at  very  low  or  very 
high  substrate  concentrations.  In  addition,  methods  of  measuring 
reaction  rates  which  do  not  yield  ‘initial’  rates  may  distort  the  linear 
relationship  required  by  the  Arrhenius  equation  (Bodansky,  1939), 
as  may  variation  in  enzyme  concentration,  e.g.  through  reversible  or 
irreversible  denaturation.  The  frequent  occurrence  of  non-linear 
Arrhenius  plots  at  one  time  raised  doubts  as  to  the  applicability 
of  the  Arrhenius  equation  to  enzymic  reactions.  It  seems  likely,  however, 
that  this  was  caused  by  neglect  of  one  or  more  of  the  factors  mentioned 
above,  and  careful  investigations  have  shown  that  under  properly 
controlled  conditions  the  Arrhenius  equation  is  obeyed  (cf.  Fig.  55). 

At  high  temperatures  enzymes  are  irreversibly  inactivated,  the  heat 
of  activation  being  very  high.  It  is  concluded  that  the  inactivation  is 
due  to  extensive  denaturation.  The  high  energy  of  activation  required 
makes  the  rate  sharply  dependent  on  temperature,  the  temperature  at 
which  extensive  denaturation  occurs  being  defined  fairly  closely. 
The  temperature  varies  with  conditions,  being  highest  at  pH  values 
near  the  isoelectric  point.  At  extreme  pH  values,  irreversible  denatu¬ 
ration  takes  place  at  room  temperature.  The  rate  of  denaturation  is 
also  dependent  on  the  concentration  of  enzyme.  In  the  inactivation  of 
pepsin  by  heat  (Casey  and  Laidler,  1950)  the  reaction  was  found  to 
vary  from  fifth  order  in  dilute  solutions  to  first  order  in  concentrated 
solutions,  and,  simultaneously,  the  activation  energy  decreased  from 
approximately  150  kcal.  to  60  kcal./mole.  The  reduction  in  activation 
energy  with  increase  in  concentration  implies  the  existence  of  strong 
repulsive  forces  between  the  pepsin  molecules.  In  concentrated  solutions 
the  molecules  are  in  states  of  higher  potential  energy,  with  a  consequent 
reduction  in  the  activation  energy  needed  for  denaturation 
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The  stability  of  enzymes  to  thermal  denaturation  varies  considerably. 
In  general,  plant  enzymes  are  more  resistant  to  higher  temperatures 
than  are  those  from  animals.  The  stability  of  the  enzymes  of  certain 
bacteria  found  in  thermal  springs  is  found  to  be  due  to  chemical 
stability  rather  than  to  rapid  resynthesis  (Militzer  and  Burns,  1954). 

It  has  been  found  that  for  some  enzymes  at  temperatures  too  low 
for  irreversible  denaturation  to  occur  to  any  appreciable  extent, 
reversible  inactivation  takes  place.  The  heat  of  reaction  is  found  to  be 
very  high  and  even  though  the  more  obvious  signs  of  extensive  denatura¬ 
tion,  e.g.  low  solubility,  are  absent,  the  change  can  nevertheless  be 
regarded  as  denaturation. 

It  is  the  occurrence  of  denaturation  which  causes  the  appearance  of 
an  ‘optimum’  temperature  in  enzymic  reactions.  The  rate  constant  k2 
increases  with  temperature,  as  required  by  the  Arrhenius  equation, 
and  at  the  same  time  the  equilibrium  between  active  and  reversibly 
denatured  enzyme  changes  so  that  the  amount  of  active  enzyme 
is  diminished.  At  a  higher  temperature  irreversible  denaturation 
becomes  significant.  As  with  the  optimum  pH,  the  optimum  temperature 
is  not  of  much  theoretical  interest,  being  the  resultant  of  several 


factors. 

The  effect  of  pressure  changes  on  equilibria  and  rates  of  reaction  is 

expressed  by  equations  (40)  (p.  86)  and  (94)  (p.  144).  Few  investigations 

of  the  effect  of  pressure  on  reactions  catalysed  by  pure  enzymes  have 

been  made.  Considerable  attention  has  been  given  to  the  effect  of 

pressure  on  enzymes  acting  in  vivo  (i.e.  on  physiological  processes), 

especially  on  luciferase,  but  the  complexity  of  living  organisms  makes 

it  difficult  to  use  the  experimental  data  to  elucidate  the  mechanisms 

of  enzyme  action.  A  purified  enzyme  which  has  been  studied  under 

various  pressures  is  invertase.  It  was  found  that  the  effect  of  varying 

pressure  on  the  activity  of  this  enzyme  is  due  almost  entirely  to  the 

large  volume  change  ( A  F  =  69  ml./mole)  for  the  reversible  inactivation. 

The  free  energy  of  activation  for  the  hydrolysis  of  sucrose  by  mvertase 

is  almost  independent  of  pressure  (AF*  is  small),  and  it  was  concluded 

that  the  active  centre  is  on  the  surface  of  the  enzyme  molecule  (Eyring 

et  al  1946).  Certain  proteases,  on  the  other  hand  appear  to  be  active 

only  when  the  molecules  are  partly  unfolded  (Curl  and  Jansen  1950C 

this  observation  suggests  that  the  centre  of  enzymic  acivity  is  to  some 

extent  ‘buried’  in  the  molecule.  These  considerations  impose  a  thi 

A-  c;nn  nn  ihe  nicture  which  has  been  drawn  of  enzyme-substrate 
dimension  on  the  picture  ,  results  of  temperature  studies, 

combination  and  og  &  th  which  reconcjies  two  groups  of 
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fraction  of  the  enzyme  molecule,  the  active  centre,  and  at  the  same  time 

on  the  integrity  of  the  entire  structure.  .  . 

The  structural  regularities  of  proteins  have  been  classified  (Eyring 
et  al .,  1954)  into  primary  (the  amino-acid  sequence),  secondary  (the 
foldine  and  hydrogen  bridging  of  amino-acid  chains)  and  tertiary 
(the  packing  of  the  helices  or  other  folded  units  into  the  ellipsoidal 
form  of  the  globular  proteins).  While  the  sequence  of  amino-acids  is 
presumably  important  as  a  basis  for  the  correct  spatial  distribution  ot 
essential  groups,  the  secondary  and  tertiary  structures  are  also 
concerned^  Pauling  (1940),  to  account  for  the  ability  of  a  single  protein 
to  form  highly  specific  antibodies  for  numerous  antigens,  invoked  the 
concept  that  the  secondary  structure  can  be  adapted  to  produce  a 
‘fit’  for  a  given  antigen  and  this  picture  has  also  been  applied  to  enzymes. 
Eyring  et  al  (1954),  however,  suggest  that  it  is  the  tertiary  structure 
which"  is  important:  this  structure  consists  of  helices  held  together 
by  means  of  hydrogen  bridges,  disulphide,  van  der  Waal  and  ionic 
links,  interstices  being  packed  with  solvent,  inhibitors,  substrates  and 
ions  in  such  a  way  as  to  minimise  free  energy.  This  compact  structure 
would  be  especially  sensitive  to  temperature  and  solvent  composition 
and  can  be  thought  of  as  ‘melting'  to  form  the  inactive,  reversibly 
denatured  protein  observed  in  vitro  with  trypsin,  soya  bean  trypsin 
inhibitor,  pepsinogen  and  many  enzymes  in  vivo.  This  reversible 
loosening  of  the  tertiary  structure  is  analogous  with  ordinary  melting 
with  its  great  absorption  of  heat,  increase  of  entropy  and  volume. 
Eyring  suggests  that  the  structure  of  the  active  centre  is  part  of  the 
tertiary  structure.  There  is  considerable  evidence  that  one  or  a  very 
few  inhibitor  or  substrate  molecules  have  a  great  effect  on  the  stability 
of  enzymes.  Thus  substrates  commonly  stabilise  enzymes  against 
denaturation,  suggesting  that  the  binding  of  substrate  is  a  function  of 
the  tertiary  structure,  while,  on  the  other  hand,  non-competitive 
inhibitors  which  do  not  aflect  the  active  centre  generally  facilitate 
denaturation. 

Since  the  existence  of  'holes’  in  a  protein  (p.  212)  is  so  improbable, 

small  changes  in  the  structure  of  the  active  centre,  e.g.  by  iodination 

of  the  tyrosine  residues  in  pepsin,  or  in  the  structure  of  a  substrate 

could  have  quite  a  large  effect  on  the  energy  of  an  enzyme-substrate 

complex:  conversely,  a  slight  change  in  the  general  structure  e  g  by 

electrostatic  repulsion  of  charged  groups  as  pH  or  ionic  strength 

changes,  would  aflect  the  dimensions  of  the  active  centre  and  therefore 

also  the  binding  and  activation  of  substrate.  Such  a  general  theory 

can  only  be  assessed  in  terms  of  its  ability  to  reconcile  a  large  number 

of  different  observations,  but  the  experimental  evidence  available  is 
at  present  limited. 
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CHAPTER  8 


FREE  ENERGY  AND  METABOLISM 


At  constant  temperature  and  pressure,  the  thermodynamic  function 
which  determines  the  extent  and  direction  of  physical  and  chemical 
changes  is  the  free  energy,  AG  (cf.  p.  68).  The  free  energy  of  a  chemical 
reaction  system  is  simply  related  to  the  equilibrium  constant  of  the 
reaction  and  the  concentrations  of  the  reactants: 


(172) 


AG  =  -RT\nK  +  RTS*  In  st 


AG  is  an  additive  function,  the  free  energy  of  a  system  being  the 
sum  of  the  values  for  the  individual  components.  The  free  energy  of  a 
single  reactant,  i.e.  the  partial  molar  free  energy,  is  the  chemical 
potential,  //,  of  that  reactant,  so  that  the  free  energy  of  a  system  of 
reactants  may  be  expressed  as 


The  free  energy  of  formation  of  organic  compounds  varies  with  con¬ 
stitution  in  a  systematic  manner  and  values  may  be  derived  for  the 
free  energy  characteristic  of  a  particular  unit  of  structure.  The  value 
varies  with  the  detailed  structure  of  the  rest  of  the  molecule,  but,  to  a 
first  approximation,  may  be  represented  by  a  mean  value  derived  toi  a 
range  of  compounds.  A  table  of  values  is  given  on  page  78. 

Thp  frpf*  energv  reauired  bv  the  organism  for  the  performance  o 
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need  be  transferred  from  the  beginning  to  the  end  of  the  free  energy 
pathway.  All  possible  series  of  reactions  in  metabolism  are  accompanied 
by  free  energy  changes,  but  it  is  convenient  to  consider  free  energy 
pathways  as  series  of  reactions  connecting  the  compounds  which 
provide  free  energy,  i.e.  nutrients,  with  the  systems  which  use  free 
energy  to  perform  work. 

Free  energy  is  not  subject  to  a  conservation  law,  for  it  can  be  dissi¬ 
pated  and  a  series  of  reactions  can  be  considered  a  pathway  for  the 
transfer  of  free  energy  only  if  work  is  capable  of  being  performed  at  the 
end  of  the  series.  The  transfer  of  free  energy  is  completely  efficient 
when  initial  reactants  and  products  are  in  equilibrium.  This  may  be 
very  nearly  true  even  when  there  is  a  finite  rate  for  the  overall  reaction, 
provided  that  the  rate  constants  of  the  forward  and  reverse  reactions 
are  large  enough.  An  example  of  this  was  given  in  Chapter  7  (p.  206) 
where  it  was  seen  that  an  enzyme-substrate  complex  can  be  practically 
in  equilibrium  with  its  components,  even  though  it  is  breaking  down 
to  yield  products. 

Consider  the  reaction 


Close  to  equilibrium  b/a  ^  kjk^,  or  kja/k^b  ^  1,  and  AG  is  small. 
The  overall  rate  of  reaction  is  given  by  the  expression  (k^  —  k^b), 
which  can  evidently  have  a  value  appreciably  different  from  zero  when 
—  1,  provided  that  the  velocity  constants  or  the  concen¬ 
trations,  or  both,  are  sufficiently  large.  In  the  organism,  concentrations 

of  solutes  are  small,  but  specific  rate  constants  for  enzyme-catalysed 
reactions  are  often  large. 

When  a  reaction  system  is  not  at  equilibrium,  dissipation  of  free 
energy  occurs  at  a  rate  which  is  the  product  of  the  free  energy  of  reaction 
AG  (i.e  the  decrease  in  free  energy  per  mole),  and  the  reaction  rate’, 
v  (i.e.  the  number  of  moles  changed  per  second),  i.e. 


-dG/d/  =  i?  A  G 

Since,  for  biological  reactions,  v  must  be  sufficiently  large  to  permit  the 
organism  to  function,  the  achievement  of  even  moderate  effidencv  in 
energy  ransfer,  involving  as  it  does  numerous  reactions  implies  that 
most  of  these  reactions  must  be  quite  close  to  equilibrium  ? 

™r"  "r  r“  K 

i)  The  free  energy  changes  of  individual  metabolic  reani™. 

n  The  metabolic  pathways  of  free  energy  transfer  S 

m)  The  utilisation  of  free  enen?v  for  thA  r 

nee  energy  tor  the  performance  of  work. 
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FREE  ENERGIES  OF  METABOLIC  REACTIONS 

Since  the  free  energy  of  reaction  is  a  function  of  the  concentrations 
(activities)  of  the  reactants,  and  these  are  rarely  known  accurately  for 
reactions  which  take  place  in  vivo ,  the  actual  free  energies  of  metabolic 
reactions  in  general  cannot  be  calculated.  It  is,  however,  possible  to 
determine  the  free  energy  of  reaction  for  a  particular  set  of  values  of 
reactant  concentrations.  This  is  done  in  the  calculation  of  the  standard 
free  energy  of  reaction,  A G°,  in  which  all  solutes  are  in  the  standard 
state  of  unit  activity,  i.e.  1  molal  (p.  83).  These  standard  state  con¬ 
ditions  are  far  removed  from  those  prevailing  in  biochemical  reactions 
and  it  is  convenient  to  consider  another  function,  A Gs,  the  free  energy  of 
reaction  under  specified  conditions  relevant  to  biochemistry.  A Gs 
may  be  called  the  specific  free  energy  of  reaction.  For  the  purposes 
of  this  chapter  A Gs  is  defined  as  the  free  energy  change  occurring 
when  the  solvent  is  at  unit  activity,  C02  and  02  are  at  partial  pressures 
of  0-05  and  0-2  atmospheres,  respectively,  in  the  gaseous  phase,  the 
pH  is  7-5  and  other  solutes  have  concentrations  of  0-01  m.  While  the 
specific  free  energy  is  not  the  same  as  the  actual  free  energy  of  a  meta¬ 
bolic  reaction,  the  concentrations  of  the  reactants  which  are  assumed 
are  of  the  same  order  as  those  v/hich  commonly  prevail  in  the  organism. 
Values  of  A Gs  given  in  this  chapter  are  calculated  from  data  reported 
by  Anderson  and  Plaut  (1949),  Krebs  (1953a),  Burton  and  Krebs 
(1953),  Anfinsen  and  Kielley  (1954)  and  Burton  (1955). 

The  value  of  A Gs  is  determined  by  a  number  of  factors  and  may  be 
analysed  into  independent  components.  It  is  convenient  to  classify 

the  determining  factors  as  follows: —  ...  c 

Bond  energies.  To  a  first  approximation  and  in  the  absence  ot 
complicating  effects  such  as  resonance,  the  energy  of  a  single  bond 
between  two  atoms  is  constant.  Part  of  the  free  energy  of  reaction  will 
result  from  the  net  change  in  the  number  and  type  of  bonds.  The dree 
energies  characteristic  of  various  organic  structures  are  given  in  Table  8 

'’’l, and  .».»■  Th.»  may  modify 

of  a  bond.  Resonance  in  an  inilial  reactant  wflmcrcKe.  and 

ttsSJjSjS: 

any  ;«£»“n=  S 

pH  7-5  will  lead  to  the  inclusion  of  the  tree  energy  u, 

AGS. 


a 
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Concentration  conventions,  in  general,  substances  are  assumed  to  be 
at  a  concentration  of  0  01  M  for  the  purpose  of  calculating  AO  .  Ihe 
concentration  conventions  are  different  for  hydrogen  tons,  water  and 
carbon  dioxide.  The  hydrogen  ion  is  assumed  to  be  at  a  concentration 
of  10^7  5  m.  This  affects  the  reactions  of  compounds  which  ionise  by 
determining  the  free  energy  of  ionisation.  The  solvent,  water,  is  assumed 
to  be  at  unit  activity  when  pure,  its  concentration  being  about  55*5  M. 
When  water  is  an  initial  reactant  a  reaction  will  proceed  more  readily, 
other  factors  being  equal,  than  a  reaction  involving  only  solutes  at 
concentrations  of  0  01  m  (‘solvent  effect’).  The  contribution  to  the  value 
of  A Gs  resulting  from  this  convention  is  — 5-1  kcal./mole  (i.e.  the  value 
of  -RT  In  55-5/0  01  at  25°C).  In  this  connection  it  may  be  noted  that 
Lipmann’s  ‘bond  energy’  (p.  131)  increases  with  dilution  of  the  reactants. 
A  small  contribution  to  A Gs,  of  opposite  sign,  is  due  to  the  concen¬ 
tration  convention  for  carbon  dioxide  (‘carbon  dioxide  correction  ). 
At  a  partial  pressure  of  0-05  atmospheres  gaseous  carbon  dioxide  the 
total  activity  in  solution  of  carbonic  acid  and  its  ions,  which  is  practi¬ 
cally  the  same  as  the  activity  of  the  bicarbonate  ions  at  pH  7-5,  is 
0  02  m:  for  decarboxylation  reactions  this  contributes  0-4  kcal./mole 
to  A Gs. 

In  the  following  survey  metabolic  reactions  are  classified  according 
to  the  number  of  reactants.  The  most  simple  reactions  are  isomerisations 
which  may  be  represented  as 

R  ^  P 

The  combination  of  two  molecules  to  form  one,  and  the  reverse 
reaction,  has  been  called  an  addition-subtraction  reaction  and  may 
be  represented  as 

R  ^  P,  +  P, 

Metabolic  reactions  involving  two  initial  reactants  and  two  products 

R;  +  R,  ^  P,  +  P, 

are  conveniently  considered  as  transference  reactions.  Most  metabolic 
reactions  are  of  this  type  and  will  be  classified  as  protolyses,  reactions 
of  carboxylic  acid  derivatives,  reactions  of  organic  phosphates, 
oxidation-reduction  (redox)  reactions  and  reactions  involving  the 
transference  of  miscellaneous  groups,  e.g.  methyl,  amino. 

Isomerisation  Reactions 

The  enzymes  which  catalyse  isomerisation  reactions  are  divided  into 
two  groups,  isomerases  and  mutases.  The  term  mutase  is  applied  when 
the  isomerisation  consists  of  a  change  in  position  of  a  single  radical 

KINFTir'*!  O 
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The  distinction  is  superficial,  since  the  nomenclature  is  not  based 
upon  differences  in  the  mechanisms  of  the  reactions.  It  is  likely  that 
reaction  occurs  by  way  of  a  compound  intermediate  in  form  between  the 
two  isomers.  For  instance,  the  conversion  of  glyceraldehyde  3-phosphate 
into  dihydroxyacetone  phosphate,  for  which  A Gs  =  1-8  kcal./mole, 
probably  proceeds  via  the  enol  form  common  to  both  aldehyde  and 
ketone.  Other  reactions  are  known  to  occur  by  way  of  a  non-isomeric 
intermediate  compound,  e.g.  glucose  1 -phosphate  is  converted  to 
glucose  6-phosphate  (A Gs  =  — 1-7  kcal./mole)  by  the  enzyme  phos- 
phoglucomutase,  the  intermediate  being  the  co-enzyme,  glucose  1  :  6- 
diphosphate.  A  phosphate  group  is  transferred  from  position  1  of  the 
diphosphate  molecule  to  position  6  of  glucose  1 -phosphate,  thus 
forming  the  product  from  the  intermediate  and  the  intermediate  from 
the  substrate  (cf.  p.  244),  i.e. 


glucose  1  :  6-diphosphate  +  glucose  l -phosphate  ^ 


glucose  6-phosphate  -f  glucose  1  :  6-diphosphate 

The  overall  reaction  therefore  occurs  in  two  stages,  the  isomerisation 
being  accomplished  by  two  successive  transference  reactions. 

Another  instance  of  an  isomerisation  which  takes  place  through  a 
non-isomeric  intermediate  compound  is  the  conversion  of  citrate  to 
wocitrate  (A Gs  =  1-6  kcal./mole).  Cis- aconitase  catalyses  the  reversible 
loss  of  a  molecule  of  water  from  each  isomer,  to  give  a  common  inter¬ 
mediate,  m-aconitate,  so  that  the  isomerisation  occurs  in  two  stages  by 
successive  loss  and  gain  of  the  elements  of  water,  thus 


COOH 

COOH 

COOH 

ch2 

CH 

H-COH. 

HO-C-COOH 

^  C-COOH  ^ 

1 

H-C-COOH 

ch2 

1 

ch2 

CH, 

| 

COOH 

citric  acid 

COOH 

cA'-aconitic  acid 

COOH 
/jocitric  acid 

The  value  of  AGS  for  reactions  of  this  type  is  small  corresponding 
to  the  small  change  in  the  nature  of  the  bonds  involved  and  in 

«  be  classed  the  reversible 


ADDITION-SUBTRACTION  REACTIONS  -W 

small  molecule  in  having  a  very  large  standard  heat  and  entropy  of 
reaction.  Irreversible  denaturation  is  probably  an  isomerisation  also, 
but  may  have  a  very  large  free  energy  of  reaction.  Since  protein  mole¬ 
cules  are  so  large,  the  large  decrease  in  free  energy  per  mole  which 
occurs  when  they  are  denatured  represents  only  a  small  energy  change 
per  amino-acid  residue. 


Addition-subtraction  Reactions 


Most  of  the  addition-subtraction  reactions  which  occur  in  the  organism 
involve  the  loss  or  gain  of  water,  carbon  dioxide  or  ammonia  by  an 
organic  molecule. 

The  addition  of  water  is  commonly  a  preliminary  to  dehydrogenation. 
For  instance,  in  the  citric  acid  cycle,  malate,  which  is  dehydrogenated 
to  give  oxaloacetate,  is  formed  by  the  addition  of  water  to  fumarate 
(AG,S'  =  —0-9  kcal./mole).  Loss  and  gain  of  water  occurs  in  the 
isomerisation  of  citrate  by  m-aconitase:  citrate  and  wocitrate  may 
be  formed  from  m-aconitate  with  specific  free  energy  changes  of 
-2T  and  0-5  kcal./mole,  respectively.  AGS  is  of  the  same  order  when 
the  C=C  bond  is  that  of  an  enol,  e.g.  for  the  hydration  of  enol- pyruvate 
2-phosphate  to  glycerate  2-phosphate  A Gs  =  0-6  kcal./mole. 

A  different  type  of  addition-subtraction  reaction  is  the  scission  by 
aldolase  of  the  carbon  chain  of  fructose  1  :  6-diphosphate  to  yield 
triose  phosphates.  As  in  decarboxylation,  a  C— C  bond  is  broken,  but 
two  molecules  of  approximately  equal  size  are  formed:  the  value  of 
AGS  for  this  reaction  is  2-8  kcal./mole. 

Two  types  of  reaction  which  may  be  treated  formally  as  addition- 
subtraction  (dissociation)  reactions  are  the  ionisation  of  acids  and 
dehydrogenation  (cf.  pp.  110,  123).  These  are,  in  fact,  transference 
reactions  and  will  be  considered  later. 


The  formation  and  dissociation  of  enzyme-substrate  complexes  are 
also  addition  and  subtraction  reactions.  Little  is  known  with  certainty 
of  the  structural  and  energetic  changes  associated  with  these  processes 
(cf.  Chap.  7,  p.  204). 


Reactions  involving  the  loss  of  carbon  dioxide  by  an  organic  mole¬ 
cule  may  be  classified  as  simple  or  oxidative  decarboxylation  processes, 
the  reverse  reactions  being  simple  or  reductive  carboxylations.  Simple 
decarboxylations  are  addition-subtraction  reactions  analogous  to 
those  involving  water  and  are  catalysed  by  single  enzymes,  whereas 
oxidative  decarboxylations  are  complex  transference  reactions  having 
intermediate  stages  (p.  275).  5 

An  example  of  simple  decarboxylation  is  the  conversion  of  oxalo- 
acetate  to  pyruvate.  For  the  purpose  of  considering  energy  changes  it  is 
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convenient  to  discuss  the  overall  process  which  consists  of  dissocia¬ 
tion  and  the  hydration  of  the  carbon  dioxide  liberated,  to  yield  carbonic 
acid.  The  value  of  A G's  for  the  decarboxylation  of  oxaloacetate  is 
then  — 9T  kcal./mole.  Of  this  value  the  solvent  effect  contributes 
—5-1  kcal.,  the  carbon  dioxide  correction  +04  kcal.  and  the  change  in 
ionisation  energy  +2-3  kcal.,  leaving  —6-7  kcal.  Part  of  this  is  due  to 
the  positive  free  energy  of  solution  of  carbon  dioxide  and  part  to  small 
changes  in  bond  energy  and  resonance  energy. 

A  less  common  reaction  involves  the  loss  or  gain  of  ammonia  by 
a  C=C  bond,  e.g.  the  addition  of  ammonia  to  fumarate  to  yield 
aspartate,  a  reaction  which  occurs  in  certain  bacteria.  For  this  reaction 
the  value  of  A Gs  is  —  T7  kcal./mole,  —24  kcal.  of  which  is  contributed 
by  changes  in  the  free  energy  of  ionisation  of  the  carboxyl  and  amino 
groups. 

Transference  Reactions 


Ionisation  of  Acids.  The  ionisation  of  an  acidic  group  in  aqueous 
solution  involves  the  transfer  of  a  proton  to  a  water  molecule.  The 
ionisation  constant  may  vary  with  the  structure  of  the  acid,  with  a 
concomitant  variation  in  the  value  of  AG  for  ionisation  (AGt).  For  a 
constant  concentration  of  the  acid  the  free  energy  of  ionisation  is  a 
linear  function  of  pH,  since  both  are  logarithmic  functions  of  hydrogen 
ion  concentration. 

Many  compounds  of  metabolic  interest  possess  groups  which  ionise 
and  the  differences  in  the  energies  of  ionisation  of  initial  reactants  and 
products  contribute  to  the  value  of  A Gs  for  a  metabolic  reaction. 
From  a  knowledge  of  the  p K  values,  equation  (172)  enables  this 
contribution  to  be  assessed.  For  the  values  pH  =  7-5  and  T  =  298  A 

A Gs  =  1-364  (pA- 7-5)  (173) 


The  contribution  of  the  free  energy  of  ionisation  towards  the  free 
energy  of  a  compound  is  given  by 

[H+] 


AG  =  —RT  In 


[H+]  +  K 


which  becomes,  for  pH  7-5  and  25°C, 

AG?  =  1-364  log  (10"7'5  +  K)  -  1  -364  log  10“7'5  (174) 

When  pK<'6-5,  equation  (174)  approximates  to  equation  (173), 
i  e  practically  the  whole  of  the  free  energy  of  ionisation  is  emp 
In  considering  the  compounds  with  basic  groups  which  exist  n  th 
form  of  coniugagte  acids  at  pH  7-5,  it  is  the  free  energy  of  association 
with  a  proton  which  is  of  interest.  This  is,  of  course,  the  negative  of  the 
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free  energy  of  dissociation.  Values  of  A G?  for  the  dissociation  of  acids 
and  the  association  of  bases  with  a  proton  are  given  in  Table  24. 


TABLE  24 

Values  of  A  Gf  for  various  acids  and  bases 


COMPOUND 

IONISING  GROUP 

P  K 

O 

<1 

1 

(kcal./mole) 

formic  acid 

-COOH 

3-70 

5-2 

acetic  acid 

-COOH 

4-76 

3-7 

succinic  acid 

-COOH  (1) 

419 

4-5 

-COOH  (2) 

5-57 

2-6 

citric  acid 

-COOH  (1) 

313 

6-0 

-COOH  (2) 

4-76 

3-7 

-COOH  (3) 

6-40 

1-5 

phosphoric  acid 

—  OH  (1) 

2-14 

7-3 

-OH  (2) 

713 

0-7 

-OH  (3) 

12-39 

0 

glycerol  2-phosphate 

—OH  (1) 

1  34 

8-4 

-OH  (2) 

6-65 

1-2 

ammonia 

-nh2 

9-38 

26 

glycine 

-COOH 

2-35 

7-0 

-nh2 

9-78 

3-1 

glycylglycine 

-COOH 

3-06 

60 

-nh2 

8-13 

0-9 

aspartic  acid 

-COOH  (a) 

2  01 

7-5 

-COOH  (/?) 

3-90 

4-9 

-nh2 

9-84 

3-2 

ornithine 

-COOH 

1-70 

7-9 

—  NH2  (a) 

8-69 

1-6 

tyrosine 

-NH2(<5) 

10  76 

4-4 

-COOH 

2-20 

7-2 

-  nh2 

9  1 1 

2-2 

-OH 

1007 

0 

histidine 

-COOH 

1  82 

7-7 

imidazole 

600 

0 

-nh2 

9-17 

2-3 

arginine 

-COOH 

2-17 

7-3 

-NH2  (a) 

9  04 

2-1 

t  creatine 

guanido 

13-48 

6-8 

guanido 

1110 

4-9 

t  creatinine 

guanido 

9-28 

2-4 

t  Values  for  these  compounds 
Values  from  data  in  Ashby  et 
(1950)  and  Schmidt  (1944). 


are  for  20  C,  the  remainder  for  25  C. 
al.  (1954),  Cohn  and  Edsall  (1943), 


Harned  and  Owen 


Reactions  of  carboxylic  acid  derivatives.  Esters  of  carboxylic  acids 
play  an  important  part  in  metabolism.  In  these  compounds  an  organic 

ree!icyacWSaree  of*™ °r  Carb°Xyl  hydro8en  atom-  Derivatives  of 
actd  are  of  part.cular  importance.  In  general,  transference 
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reactions  of  carboxylic  acid  esters  have  a  small  free  energy  change, 
except  in  the  simplest  transference  reaction  which  is  hydrolysis. 
Although  hydrolysis  and  condensation  are  usually  not  classified 
as  transference  reactions,  it  has  been  found  that  a  number  of  hydrolytic 
enzymes,  e.g.  invertase,  function  as  transferases  and  there  seems  to  be 
no  reason  to  depart  from  a  logical  classification. 

An  example  of  ester  hydrolysis  which  has  been  investigated  inten¬ 
sively  is  that  of  acetylcholine. 

CH3-C0;0-C2H4-N+(CH3)3  +  HOH  ^  CH3-COOH 

+  HOC2H4-N+(CH3)3 


As  in  almost  all  carboxylic  acid  derivatives,  fission  of  the  ester  occurs 
between  the  carbonyl  carbon  atom  and  the  ether  oxygen,  so  that  the 
reaction  is  in  fact  a  replacement  of  the  group  — 0-C2H4-N+(CH3)3 
by  —OH.  The  value  of  AG,S  is  —9  0  kcal./mole,  of  which  — 5T  kcal. 
is  due  to  the  solvent  effect  and  —3-2  kcal.  to  the  energy  of  ionisation 
of  the  acetic  acid  formed.  There  is  no  change  in  the  nature  and  number 
of  bonds  in  ester  hydrolysis  and  little  change  in  resonance  energy. 
The  reaction  is  practically  irreversible  at  pH  7-5  and,  although  it  has 
been  shown  that  acetyl  cholinesterase  can  catalyse  the  synthetic 
reaction,  this  is  accomplished  in  vivo  by  an  indirect  route  (Hestrin, 
1949;  Nachmansohn  and  Wilson,  1951). 

Another  class  of  carboxylic  acid  derivatives  includes  compounds 
containing  the  — CO*N=  grouping,  of  which  peptides  are  parti¬ 
cularly  important  examples.  In  hydrolysis  and  other  transference 
reactions  the  C— N  bond  is  split  and  two  groups,  amino  and  carboxyl, 
are  formed:  at  pH  7-5  these  exist  almost  completely  as  charged  groups. 
The  contribution  of  ionisation  to  AG s’  varies  with  the  p K  values  of  the 
groups,  but  is  generally  of  the  order  of  —3  kcal./mole  for  the  carboxyl 

group  and  — 2  kcal./mole  for  the  amino  group. 

One  of  the  most  important  compounds  concerned  in  energy  transfer 
is  co-enzyme  A.  In  this  compound  one  of  the  terminal  groups  is  a 
sulphydryl  group  which  combines  with  certain  carboxylic  acids,  e,g. 
acetate,  benzoate,  succinate,  to  form  thioesters.  The  value  o 
for  transference  reactions  of  acetyl  co-enzyme  A  is  ca  ./mo  e, 

—5-1  of  this  being  due  to  the  solvent  effect  and  -3*2  to  the  energy 
of  ionisation  of  the  acetic  acid  produced.  Mercaptans,  like  alcohols, 
do  not  ionise  to  any  appreciable  extent  at  pH  7-5. 

It  is  likely  that  similar  compounds  are  formed  by  the -SH  groups 
of  certain  enzymes,  e.g.  glyceraldehyde  3-phosphate  dehydroge 

^Derivatives  of  phosphoric  acid.  A  number  of  different  types  of 
orgruti^phosphate' are  concerned  in  metabolism.  It  seems  hkely  that 
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the  importance  of  phosphoric  acid  arises  from  its  unique  position  as 
the  only  tribasic  inorganic  acid  which  is  in  plentiful  supply.  The 
presence  of  three  hydroxyl  groups  permits  phosphoric  acid  to  act 
as  a  bridge  between  two  other  radicals  by  the  formation  of  anhydride 
links  and  still  retain  a  functional  group,  as  in  nucleic  acids.  In  addition, 
the  degree  of  ionisation  of  phosphoric  acid  may  be  varied  considerably 
by  the  number  of  ester  or  anhydride  links  formed  and  the  nature  of  the 
attached  radicals.  The  state  of  ionisation  in  turn  affects  the  free  energies 
of  activation  and  reaction  in  transfer  reactions. 

Polyhydroxy  compounds  constitute  the  main  group  of  substances 
which  form  phosphate  esters,  mono  or  di-phosphates  of  glycerol, 
trioses,  pentoses,  hexoses,  heptoses  and  a  hexaphosphate  of  inositol 
being  known.  Phosphatases  catalyse  the  transfer  of  ester  phosphate 
to  water  or  to  another  hydroxy  compound.  These  reactions  have,  in 
general,  a  fairly  small  specific  free  energy.  Examples  are  the  transfer 
of  phosphate  from  glucose  1 -phosphate  to  glycerol  (A Gs  =  —2-2 
kcal./mole)  and  the  conversion  of  glucose  1 -phosphate  to  glucose 
6-phosphate  (AGS  =  — 1-7  kcal./mole).  The  hydrolysis  of  glucose 
1-phosphate  has  an  exceptionally  high  specific  free  energy  (AGS  =  —7-5 
kcal./mole)  which  approaches  the  values  characteristic  of  high  energy 
compounds. 


Anhydrides  containing  phosphate  groups  are  ‘high  energy’  com¬ 
pounds  (p.  18).  The  anhydride  may  be  formed  from  two  phosphate 
groups  or  from  phosphate  and  carboxylic  acid.  ATP  is  of  the  former 
type  and  acetyl  phosphate  of  the  latter.  The  specific  free  energies  of 
hydrolysis  of  these  compounds  are  -11-6  and  -16-1  kcal./mole, 
respectively.  The  solvent  effect  contributes  -5-1  kcal.  and  the  free 
energies  of  ionisation  about  -9  0  and  -3  0  kcal.,  respectively.  There 
is  no  change  in  bond  types  on  hydrolysis.  Spontaneous  hydrolysis  of 
these  compounds  in  vivo  would  lead  to  a  loss  of  the  free  energy  which 
had  been  obtained  from  catabolic  processes  and  does  not  occur  to 
any  great  extent  since  the  efficiency  with  which  the  energy  of  oxidation 
is  uuhsed  IS  of  the  order  of  60-70%  (Krebs.  1953b).  The  enzyme 
adenosine  triphosphatase  which  catalyses  the  hydrolysis  of  ATP  to 
is  very  active  in  muscle,  but  the  free  energy  is  not  dissipated 
being  used  for  the  performance  of  mechanical  work  P 

Transfer  of  phosphate  from  the  anhydrides  to  compounds  other 
han  water  ,s  catalysed  by  phosphokinases.  There  is  a  Targe  negadve 

phate  from  ATpfo  I°h  f°rmatlon  of  an  ester  by  transfer  of  phos- 
pnate  trom  ATP  to  a  hydroxy  compound.  For  instance,  for  the  transfer 

i.  therefore  q.ire  itre.^ib^  «  S'~e  it.  practice 
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A  different  type  of  high  energy  phosphate  is  creatine  phosphate, 
which  is  a  substituted  amide  of  phosphoric  acid.  It  can  phosphorylate 
ADP  (A Gs  =  —  34/mole)  and,  conversely,  be  formed  by  the  phos¬ 
phorylation  of  creatine  by  ATP.  The  process  is  known  as  the  Lohmann 
reaction  and  is  important  in  muscle  metabolism.  The  specific  free 
energy  of  hydrolysis  for  creatine  phosphate  is  —15  0  kcal./mole. 

In  the  reaction  catalysed  by  phosphorylase,  the  glucose  residue  of 
glucose  1 -phosphate  is  transferred  to  an  oligo-  or  polysaccharide 
molecule,  a  phosphate  ion  being  liberated.  This  is  a  transglycosidation, 
which,  since  A Gs  =  —0*5  kcal./mole,  is  readily  reversible.  Both  the 
degradation  and  synthesis  of  starch,  glycogen  and  other  polysaccharides 
occur  by  this  or  a  similar  mechanism.  The  specific  free  energy  for  the 
condensation  of  glucose  residues  with  the  elimination  of  water  is 
+7-0  kcal./mole.  The  ready  reversibility  of  phosphorylation,  in 
contrast  to  hydrolysis,  is  due  to  the  absence  of  the  ‘solvent  effect’, 
which  accounts  almost  entirely  for  the  difference  between  the  values 
of  A Gs  for  the  two  reactions. 

Oxidation-reduction  reactions.  The  values  for  the  free  energies  of 
oxidation-reduction  reactions  cover  a  wide  range,  depending  on  the 
structures  of  the  compounds  concerned.  The  most  general  theoretical 
treatment  of  reactions  of  this  type  (p.  126)  is  based  on  the  concept 
of  electron  transfer,  but,  in  fact,  some  biological  reactions  involve 
the  transfer  of  hydrogen.  The  processes  of  hydrogen  and  electron 
transfer  are  connected  by  the  existence  in  solution  of  (hydrated) 

protons,  i.e. 

H  ^  H+  +  e 


Three  reactions  of  great  importance  in  the  organism  which  exemplify 
the  above  mechanisms  are  those  which  concern  flavins  (pr°s‘hetic 
groups  of  dehydrogenases),  pyridine  nucleotides  (co-enzymes  I  and  ) 
and  cvtochromes.  The  group  in  flavin  nucleotide  co-enzymes  (e.g. 
flavin  Adenine  dinucleotide.  FAD)  which  is  directly  concerned  m 
oxidation-reduction  reactions  is  the  toalloxazine  nucleus.  The  reaction 

may  be  formulated  as 


HaC — 


R  H 


=0  +2H  H3C 


=0 


HtdJ^C/NH  ^  HsC^/W-C/NH 

II 

o 


H  O 


OXIDATION-REDUCTION  2(0 

Pyridine  nucleotides  (i.e.  DPN+  and  TPN+)  contain  a  nitrogen- 
substituted  nicotinamide  residue  which  accepts  a  hydrogen  atom 
and  an  electron,  to  give  DPNH  and  TPNH,  thus 

H 

yc\ 

HC  C — CONHa 

I  II  +2H 

HC  CH 

Nj/ 

R  R 

The  cytochromes  contain  an  atom  of  iron  which  may  be  reduced  from 
the  ferric  to  the  ferrous  state 

Fe3+  +  H  ^  Fe2+  +  H+ 

Derivatives  of  fats,  carbohydrates  and  proteins  undergo  dehydro¬ 
genation,  with  the  concomitant  reduction  of  a  flavin  or  pyridine  nucleo¬ 
tide  co-enzyme,  in  a  number  of  ways,  of  which  the  following  are  the 
most  common 


H 

JO 


HC 


V 

c— conh2 


+HJ 


HC 


CH, 


N 


— CH2— CH2 - >  — CH=CH— 

>CHOH  >C=0 

>CH  NH,  ->  >C=NH 

The  free  energy  of  the  reduced  foim  of  a  compound  which  is  potenti¬ 
ally  available  to  the  organism  is  its  free  energy  of  oxidation  by  mole¬ 
cular  oxygen,  with  the  formation  of  water  (A G£).  This  is  a  purely 
formal  assessment  and  is  independent  of  the  capacity  of  compounds 
to  undergo  such  direct  oxidation  in  practice. 

Values  for  the  free  energies  of  oxidation  of  a  number  of  reactions 
are  given  overleaf  in  Table  25. 

Other  transference  reactions.  Metabolic  reactions  other  than  those 
treated  above  can  be  classified  as  transference  reactions  and  being 
reversible  in  practice,  must  have  quite  small  free  energies,  although 
numerical  information  is  often  not  available.  For  instance,  the  free 
energy  of  transamination  has  been  determined  for  the  reactions 

a-oxoglutarate  +  L-aspartate  ->  L-glutamate  +  oxaloacetate 
a-oxoglutarate  +  L-alanine  L-glutamate  -f  pyruvate 
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TABLE  25 

Free  energies  of  oxidation 
REACTION 

succinate2-  4-  I02  -*■  fumarate  4-  H20 
malate2-  4-  ^02  ->  oxalosuccinate2-  +  H20 
glutamate2-  4-  K>2  a-oxoglutarate2-  4-  NH3  +  H.>0 
DPNH  +  £02  4-  H+  DPN+  +  H20 
reduced  flavoprotein  +  I02  ->  flavoprotein  +  HaO 
2  ferrocytochrome  b2+4-2H+4-I02 

-»  2  ferricytochrome  b3+  4-  2  H20 
2  ferrocytochrome  c2+  +  2  H+  4-  |02 

-»  2  ferricytochrome  c3+  4-  2  H20 


A  Gs 

ox 

(kcal./mole) 

-35-7 
-44-8 
-486 
-51-2 
— 40| 

-38-7 


-23-2 


t  Mean  values  for  several  dehydrogenases. 

Values  of  A calculated  from  data  in  Anderson  and  Plaut  (1949),  Burton  and  Krebs 
(1953)  and  Singer  and  Kearney  (1954). 


the  values  of  &GS  being  +1-1  and  +0-2  kcal./mole,  respectively 
(Krebs,  1953a),  but  for  the  equally  important  transmethylation  process 
no  data  appear  to  be  available.  It  is  not  known,  therefore,  whether 
the  ‘activation’  of  the  methyl  group  of  methionine  achieved  by  com¬ 
bination  with  adenosine  is  due  to  stereochemical,  kinetic  or  thermo¬ 
dynamic  factors. 

In  general,  the  free  energies  of  transference  reactions  can  readily  be 
determined  from  equilibrium  constants,  but  an  accurate  evaluation  of 
these  constants  depends  on  the  isolation  of  the  appropriate  enzyme  in  a 
pure  foim,  so  that  complications  due  to  side  reactions  can  be  eliminated. 
As  the  number  of  purified  transferring  enzymes  increases,  an  extension 
of  the  information  on  the  free  energies  of  transference  reactions  is 

to  be  expected. 


METABOLIC  PATHWAYS  OF  FREE  ENERGY 
The  free  energy  of  oxidation  of  carbohydrates,  fats  and  amino-acids 
is  ultimately  used  for  the  performance  of  work.  There  are  many 
pathways  by  which  free  energy  is  transferred  but  nearly  all  appear 
to  nass  through  a  stage  in  which  the  free  energy  resides  in  ATP,  which 
s  aPt  a  concentration  far  greater  than  that  which  would  be  m  equili¬ 
brium  with  the  hydrolysis  products,  ADP  and  the  orthophosphate  ion 
or  with  AMP  and  the  pyrophosphate  ion.  The  three  organic  p  osp 
ATP,  ADP  and  AMP  are  related  by  the  reaction 

2  ADP  ^  ATP  +  AMP 

which  is  catalysed  by  myokinase.  It  is  probable  that  this  reaction  ,s  of 
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general  importance,  since  the  transfer  of  free  energy  from  ATP  leads 
to  the  production  of  ADP  in  some  reactions  and  of  AMP  in  others. 
Energy  is  conserved  also  in  compounds  other  than  ATP  (e.g.  creatine 
phosphate,  acetyl  co-enzyme  A)  but,  since  there  are  routes  by  which 
energy  may  be  transferred  from  one  high-energy  compound  to  another, 
the  hydrolysis  of  one  molecule  of  any  high-energy  compound  may  be 
considered  to  result  in  the  loss  of  the  energy  of  one  molecule  of  ATP. 

There  is  a  considerable  amount  of  information  about  the  transfer 
to  ATP  of  the  free  energy  of  oxidation  of  nutrients  and  this  will  now 
be  discussed.  The  utilisation  of  the  free  energy  of  ATP  for  the  perfor¬ 
mance  of  work,  about  which  much  less  is  known,  is  discussed  later 

(p.  286). 

The  complex  network  of  reactions  by  which  food  materials  are 
oxidised  and  ATP  formed  may  conveniently  be  divided  into  a  number 
of  connected  metabolic  pathways.  The  main  pathways  which  have 
been  established  are  summarised  in  Fig.  57.  The  main  outline  is  as 
follows.  Carbohydrate  is  degraded  to  acetate  by  one  of  two  pathways. 
That  of  most  widespread  occurrence,  found  in  micro-organisms, 
higher  plants  and  animals,  involves  a  series  of  reactions  (glycolysis) 
which  is  anaerobic  as  far  as  the  formation  of  pyruvate.  Another 
pathway  connecting  hexose  monophosphate  with  pyruvate  involves  the 
oxidation  of  phosphorylated  intermediates  and  is  known  as  the  hexose 
monophosphate  cycle.  Enzymes  necessary  for  this  series  of  reactions 
have  been  found  in  a  number  of  organisms  (e.g.  yeast,  certain  bacteria 
and  some  animal  tissues)  which  also  utilise  the  glycolytic  pathway, 
but  the  relative  importance  of  the  two  pathways  has  not  been  finally 
established. 


A  more  primitive  mechanism,  found  only  in  micro-organisms, 
involves  the  direct  oxidation  of  hexoses,  position  1  being  oxidised  to 
yield  a  carboxyl  group  and  the  product  being  decarboxylated.  This 
sequence  is  repeated  until  oxidation  is  complete. 

Oxidation  of  fatty  acids  also  leads  to  the  production  of  acetate. 
There  are  two  major  routes  for  the  oxidation  of  acetate.  The  most 
common  is  the  citric  (tricarboxylic)  acid  cycle  which  has  been  found  to 
occur  in  plants,  animals  and  micro-organisms.  In  some  organisms  a 
dicarboxylic  acid  cycle  is  found.  As  more  organisms  are  investi- 

0bservIdn0US  modlfications  of  cycIes  of  *hese  two  types  are  being 

The  major  difference  between  amino-acids  and  compounds  related 
to  fats  or  carbohydrates  ts  the  amino  group.  This  can  be  removed  by  a 
number  of  mechanisms  (cf.  p.  282),  leaving  a  carbon  compound  whfch 
is  often  identical  with,  or  closely  related  to.  compounds  on  toe  min 
pathways  of  carbohydrate  or  fatty  acid  catabolism.  On  removal  from 
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glucose 


C3  amino 
acids  and 
glycerol 


— > 


gluconate  6-phosphate 

4 

ribulose  6-phosphate 
ribose  5-phosphate 


4 

gluconate 


2-oxogluconate 

4 

arabinose 

4 

arabonate  etc. 


ketogenic 
amino-acids — 
and  fatty  acids 


4 

glucose  6-phosphate 

I 

fructose  6-phosphate  <- 

4 

fructose  1 :6-diphosphate 

1 

triose  phosphates  <- 

\ 

pyruvate 

1 

— *  acetate 

4 

citrate 

4 

oxalosuccinate 

4 

glutamate  — a-oxoglutarate 

4 

succinate 

4 

fumarate 

4 

malate 

4 

aspartate - >  oxaloacetate 

Fie  57  General  scheme  for  oxidative  pathways  for  glucose.  . 

Note:  Arrows  in  reaction  schemes  illustrated  in  this  chapter  show  the  direction  of 
the  overall  reaction  believed  to  occur  in  vivo.  Most  of  the  reactions  are  reversible  in  a 

kinetic  sense. 

the  amino-acid,  the  amino  group  is  converted  into  ammonia.  This  is 
maintained  at  very  low  concentration  in  the  tissues,  being  converted  by 
a  cyclic  system  of  reactions  into  urea,  at  the  expense  of  energy  derived 

fr°In  addition  to  the  foregoing  pathways  by  which  organic  molecules 
undergo  stepwise  conversions  and  which  are  sometimes  coupled  with 
the  synthesUof  ATP,  there  is  a  system  of  carriers  aiong  which  hydrog 
or  electrons  may  be  transferred  from  an  intermediate  compound  to 
react  eventually  with  oxygen  to  give  water  or  hydrogen  peroxide. 
Some  of  the  reactions  involved  in  this  stepwise  transfer  are  coupled 

WiFinAa^,  someTtages  in  these  metabolic  pathways  involve  the  transfer 
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of  energy  to  and  from  ATP  or  of  hydrogen  or  electrons  to  or  from  the 
carrier  system,  so  that  a  number  of  cyclic  reaction  systems  are  also 
present. 

In  the  remainder  of  this  section  the  metabolic  pathways  outlined 
above  are  examined  in  detail. 


Oxidation  of  Carbohydrate 

In  many  organisms  the  oxidation  of  glucose  leads  to  the  formation  of 
pyruvate,  by  the  chain  of  reactions  shown  in  Fig.  58.  Fructose,  galactose 


glucose 

l 

glucose  6-phosphate 

.1 

fructose  6-phosphate 


t 


2  (ATP)*- 

I 


fructose  1 : 6-diphosphate 

y 

2  (glyceraldehyde  3-phosphate) 


2  (P)+ 


2  (ATPK 


2  (glyceroyl  phosphate  3-phosphate)  A G^cle  = 

—  1 6*9  kcal./mole 
2  (glycerate  3-phosphate)  hexose 

Y 

2  (glycerate  2-phosphate) 

Y 

2  (ewj/pyruvate  2-phosphate) 

|  - - - * 

2 (pyruvate) 

Fig.  58  Conversion  of  glucose  to  pyruvate,  showing  the  pathways  followed  by 

phosphate  groups  J 

and  possibly  other  hexoses  can  be  converted  to  glucose.  In  animal 
tssues  pyruvate  is  reduced  to  lactate  under  anaerobic  conditions 
while  under  aerobic  conditions  it  is  oxidised  to  a  derivative  of  acetate! 
n  yeas  ,  pyruvate  is  decarboxylated  and  reduced  to  ethanol  while  the 

ar,6  f0Und  1 vary  with  the  species .  ^al  es  of 
AG  for  these  reactions  are  given  in  Table  26. 
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table  26 


Free  energies  of  miscellaneous  reactions  involved  in  the  oxidation  of  carbo¬ 
hydrate  (Burton  and  Krebs,  1953) 


A  Gs 


REACTION 


(kcal./mole) 


glycogen*  !  HPOf-  glucose  1-phosphate2-  +  H.,0  -  0-5 

glucose  1 -phosphate2- ->  glucose  6-phosphate2-  —  1-7 

glucose  6-phosphate2-  ->  fructose  6-phosphate2-  0-5 

glucose  ->  fructose  0-4 

glucose  -1-  2  DPN+  ->  2  pyruvate-  4-  2  DPNH  +  4  H+  -40-5 

pyruvate-  +  i02  4-  co-enzyme  A  +  H  + 

->  acetyl  co-enzyme  A  4-  C02  —54-3 

pyruvate-  4-  H+  acetaldehyde  4-  C02  —  6-2 

acetaldehyde  4-  DPNH  +  H+  ->  ethanol  +  DPN+  —  4-7 


t  one  glucose  residue. 


The  conversion  of  glucose  to  lactic  acid,  for  which  free  energy  values 
are  given  in  Table  27,  presents  a  number  of  interesting  features. 


TABLE  27 


Free  energy  data  for  the  oxidation  of  glucose  to  lactate 


REACTION 


5-  +  ATP4- 


2  HoO 


A  Gs 

(kcal./mole) 


6-7 

0-5 


1.  glucose  +  ATP4-  glucose  6-phosphate2-  4-  ADP3-  +  Hh 

2.  glucose  6-phosphate2-  fructose  6-phosphate2- 

3.  fructose  6-phosphate2-  +  ATP4- 

->  hexose  diphosphate  +  ADP3-  4-  H+ 

4.  hexose  diphosphate4-  ->  2  glyceraldehyde  3-phosphate2- 

5.  glyceraldehyde  3-phosphate2-  +  DPN+  +  HP04“- 

->  glyceroyl  phosphate  3-phosphate4-  4-  DPNH  4-  H+ 

6.  glyceroyl  phosphate  3-phosphate4-  4-  ADP3- 

glycerate  3-phosphate3-  4-  ATP4 

7.  glycerate  3-phosphate3-  -*  glycerate  2-phosphate3- 

8.  glycerate  2-phosphate3-  ->  cw/pyruvate  2-phosphate  +  HaO 

9.  ewo/pyruvate  2-phosphate3-  +  ADP3-  +  H+ 

pyruvate- 

10  pyruvate-  4-  DPNH  4"  H+  -»•  lactate  +  DPN+ 

1 1  ’.  glucose  4-  2  ADP3-  4-  2  HPO2- 

5  ->  2  lactate-  +  2  ATP4- 

1 2.  glucose  ->  2  lactate-  4-  2  H+ 

13.  ADP3-  +  H+  +  HPO2-  ->  ATP4-  4-  H20 

Data  from  Burton  and  Krebs  (1953)  as  corrected  by  Burton  (1955)  AGJ  it <££££& 
of  reaction  at  pH  7-5,  0  2  atmosphere  Os,  0  05  atmosphere  COs  and  0  01  m  concentrat.cn 

of  other  solutes  in  aqueous  solution  for  (his  dis. 

cre^anc';  Ut/i,  Ihe'^ue0!  aTntSci^  the  sLe’e,  of  data  and,  in  addition, 

values  have  been  approximated  to  01  kcal. 


-  5-3 
4-6 

3-5 

-  4-7 
11 

-  0-6 

-  4-3 

-  5-3 

-27-9 

-511 

11-6 
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Glucose-  and  fructose  6-phosphates  are  phosphorylated  by  ATP, 
while  A  DP  is  phosphorylated  by  glyceroyl  phosphate  3-phosphate 
and  c/70/pyruvate  2-phosphate,  so  that  there  is  a  net  gain  of  two  mole¬ 
cules  of  ATP  per  glucose  residue  degraded.  The  degradation  and 
regeneration  of  ATP  results  in  the  transference  of  a  phosphate  group 
round  a  cyclic  reaction  system  (Fig.  58).  Both  phosphate  groups  of 
fructose  1  :  6-diphosphate  are  contributed  by  ATP.  Dismutation  of  the 
hexose  diphosphate  into  two  molecules  of  triose  phosphate  is  followed 
by  condensation  of  each  molecule  with  a  phosphate  ion  to  give  triose 
diphosphates.  This  second  phosphate  group  is  transferred  to  ADP, 
after  which  the  remaining  monophosphate  is  converted  to  6770/pyruvate 

2- phosphate,  which  transfers  its  phosphate  group  back  again  to  ADP. 
The  function  of  the  cycle  is  presumably  to  facilitate  the  series  of  reactions 
by  which  a  phosphate  ion  is  transferred  to  ADP. 

Since  only  exergonic  reactions  can  occur,  the  ‘revolution’  of  the 
cycle  must  lead  to  dissipation  of  free  energy  which  can  be  seen  from  the 
values  of  AGS  in  Table  27  to  be  —  1 6-9  kcal./mole  hexose.  For  phos¬ 
phorylation  of  glucose  and  of  fructose  6-phosphate  by  ATP,  A Gs  is 
—6-7  and  —5-3  kcal./mole,  respectively.  For  phosphorylation  of  ADP 
by  6770/pyruvate  2-phosphate  A Gs  is  —4-3  kcal./mole.  The  reversal 
in  direction  of  phosphorylation  takes  place  at  the  expense  of  a  decrease 
in  free  energy  in  the  three-carbon  compound,  chiefly  associated  with 
the  formation  of  an  a-oxo-acid  from  an  a-hydroxy-acid  (cf.  Table  8, 
p.  78).  For  the  conversion  of  glyceraldehyde  3-phosphate  to  glycerate 

3- phosphate,  with  the  formation  of  a  mole  of  ATP  and  the  hydro¬ 
genation  of  co-enzyme  1,  the  value  of  AGS  is  small  (-T2  kcal./mole) 

The  overafl  efficiency  of  the  cycle  is  only  60%,  as  calculated  from  values 
of  A Gs. 

The  mechanism  by  means  of  which  the  free  energy  of  oxidation  of 
glyceraldehyde  3-phosphate  to  glycerate  3-phosphate  is  coupled  to 
the  synthesis i  of  ATP  is  fairly  well  understood.  The  sequence  of  reactions 

F'S'  59'  They  are  cata'ysed  by  an  -SH  enzyme,  glutathione 
being  the  co-enzyme :  it  is  believed  that  the  enzyme-substrate  complex 
is  formed  through  the  sulphur  atom.  By  removal  of  two  atoms  of 
hydrogen  an  acyl  mercaptan  (i.e.  an  anhydride  of  a  sulphydryl  and  a 
carboxyl  group)  is  formed  which  has  a  high  free  energy  o/ hydrolysis 
in  contrast  to  the  reduced  form.  The  carbon-sulphur  link  is  not  in  facJ 
y  rolysed,  but  is  broken  with  the  simultaneous  formation  of  a  Dhos 
pha.e  compound  which  in  turn  transfers  a  phosphatTg  oup  o  ADP 
The  loSS  ,n  free  energy  which  would  have  occurred  in  a  fffifowud 
oxidative  reaction  does  not  occur  and  the  nvemll  frl  1  8  u  d 
for  the  entire  system  of  coupled  reachons  1  sS  Cha"Se 

nother  reaction  which  has  been  studied  well  enough  for  the 
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R  glyceraldehyde  3-phosphate 

(R  =  —  CHOH-CHoOPO 

H*C=0 

(-f  HS*enzyme) 

Y 

R 


I 

H-C-OH 

I 

I 

S  *enzyme 

(dehydrogenation) 

Y 

R 

I 

C  O 
S  ‘enzyme 

(+HP042“ ;  — HS*enzyme) 

Y 

R 


enzyme-substrate  compound 


high  energy  acyl  mercaptan, 
anhydride  of  — SH  and  — COOH 


C=0  high  energy  glyceroyl  phosphate 

3-phosphate,  anhydride  of  H3P04 
Q.pQ  2-  and — COOH 

3 

(+ADP) 

Y 

R 


C=0  +  ATP 

I 

o- 


low  energy  glycerate  3-phosphate 
+  high  energy  phosphate  (ATP) 


Fie.  59  Conversion  of  glyceraldehyde  3-phosphate  to  glycerate  3-phosphate 

(Krebs,  1953b) 


mechanism  to  be  known  in  some  detail  is  the  synthesis  of  ATP  via 
eno/pyruvate  2-phosphate  (Fig.  60).  The  latter  compound  is  a  tngh 
energy  compound  and  is  able  to  transfer  its  phosphate  group  to  ADP 
thha  very  small  free  energy  change.  The  formation  of  eno/pyruvate 

mav  be  considered  as  the  formation  of  an  anhydride.  In  this  case  tne 
reaction  leads  directly  to  the  formation  of  a  high  energy  compoun  . 
Ae  formatLn  of  ATP  is  a  simple  transference  reaction  with  a  small 
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CH90H 

I 

H-c-opcy- 


coo 


Cf 


(-H20) 


C-OPO;,2- 


coo 


CH 


(  +  ADP) 


C=0  +  ATP 


glycerate  2-phosphate 


ew>/pyruvate  2-phosphate 


pyruvate  +  ATP 


coo- 

Fig.  60  The  synthesis  of  ATP  via  enol pyruvate  2-phosphate  (Krebs,  1953b) 

conditions,  oxidised  by  reactions  coupled  to  the  synthesis  of  ATP. 
Under  anaerobic  conditions  pyruvate  accepts  hydrogen  from  reduced 
co-enzyme  I,  with  the  result  that  glycolysis  can  continue,  but  the 
regeneration  of  co-enzyme  I  is  accomplished  by  the  accumulation  of 
lactate  which  can  later  be  oxidised  under  aerobic  conditions.  The 
process  may  be  regarded  as  a  cycle  of  two  linked  reactions,  thus 


lactate 


pyruvate 


DPN+-* 


DPNH 


-glyceraldehyde  3-phosphate 


glyceroyl  phosphate  3-phosphate 


The  operation  of  the  cycle  depends  on  the  difference  between  the  free 
energies  of  dehydrogenation  of  glyceraldehyde  3-phosphate  and 
lactate  and  is  ‘driven’  by  the  overall  reaction 

glyceraldehyde  3-phosphate  -j-  phosphate  pyruvate  -> 
glyceroyl  phosphate  3-phosphate  +  lactate 
for  which  A Gs  =  -1-8  kcal./mole. 

In  yeast  pyruvate  is  decarboxylated  to  yield  acetaldehyde  which  can 
accept  hydrogen  from  glyceraldehyde  3-phosphate,  carried  by  co¬ 
enzyme  I,  to  give  ethanol.  In  this  case  the  value  of  A Gs  for  the  cvclic 
regeneration  of  co-enzyme  I  is  —1*2  kcal./mole.  (cf.  Table  26)  * 

KTNFTir'Q  *• 
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Glucose  6-phosphate  can  be  derived  from  glycogen  without  the 
participation  of  ATP  by  way  of  the  reactions 

glucose  6-phosphate  ^  glucose  1 -phosphate 

glucose  1 -phosphate  +  water  ^  glycogen  +  phosphate 

These  reactions  are  readily  reversible  (see  Table  26)  and  can  lead  to  the 
formation  or  the  utilisation  of  glycogen.  Since  glucose  1 -phosphate 
can  be  formed  from  glycogen  and  inorganic  phosphate,  each  glucose 
residue  of  glycogen  produces  three  molecules  of  ATP,  while  glucose 
produces  only  two.  As  the  formation  of  glycogen  from  glucose  uses 
one  mole  of  ATP  per  glucose  residue,  this  amount  of  free  energy  per 
residue  can  be  regarded  as  stored  in  glycogen. 

Glycolysis  is  connected  with  the  citric  acid  cycle  by  way  of  the 
oxidative  decarboxylation  of  pyruvate,  which,  in  the  presence  of  co¬ 
enzyme  A,  gives  acetyl  co-enzyme  A:  the  hydrogen  is  transferred 
to  flavin  adenine  dinucleotide  (AGS  =  —55  kcal./mole).  Acetyl 
co-enzyme  A  reacts  with  oxaloacetate  to  give  citrate  and  co-enzyme 
A,  as  follows 


ch3-c=o 

ch3-c=o 

1 

+  A- SH  -* 

I  +  co2  +  h2 

COOH 

S' A 

ch3-c=o 

COOH 

f 

COOH 

S  A 

+  CH  H'° 

->  CH2  +  A-SH 

HO-C-COOH 

| 

HO-C-COOH 

CH2 

I 

COOH 


The  details  of  the  oxidative  decarboxylation  of  a-oxo-acids  seem  to  be 
the  same  for  all,  but  most  attention  has  been  given  to  pyruvate  meta¬ 
bolism.  Experimental  evidence  suggests  that  the  mechanism  is  as 
shown  in  Fig.  61.  The  formation  of  citrate  differs  from  simple  trans- 
acetvlation,  for  the  methyl  carbon  atom  of  the  acetate  forms  a  C— 
link  with  oxaloacetate,  while  the  C-S  link  of  acetyl  co-enzyme  A  is 
hydrolysed.  Unless  the  concentration  of  acetyl  co-enzyme  A  is  very 
small  a  considerable  amount  of  energy  is  dissipated  in  this  reaction. 

An  alternative  pathway  from  glucose  6-phosphate  to  tnose  phosphate 
is  the  hexose  monophosphate  cycle  (Fig.  62).  Glucose  6-phosphate, 
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pyruvate  CH:J-COT PP 


i 

co2 


+lipoate 

-T  PP 


I 

CH/COS 


CH3-COS-/l 


+  /I.SH 
—  reduced 
lipoate 


electron  acceptors 
(e.g.  DPN+) 


T PP  =  thiamine  pyrophosphate 
lipoate  =  6:8-dimercaptooctanoate 
ASH  =  co-enzyme  A 

Fig.  61  Oxidative  decarboxylation  (cf.  Weinhouse,  1954) 
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and  glyceraldehyde  3-phosphate  mes) 
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instead  of  being  isomerised  to  fructose  6-phosphate,  is  oxidised  first 
to  gluconate  6-phosphate  and  then  to  3-oxogluconate  6-phosphate  by 
means  of  co-enzyme  II.  Decarboxylation  of  this  compound  to  ribulose 
5-phosphate  is  followed  by  isomerization  to  ribose  5-phosphate.  One 
molecule  of  ribose  5-phosphate  and  one  of  ribulose  5-phosphate  undergo 
a  transference  reaction  to  form  sedoheptulose  7-phosphate  and  glycer- 
aldehyde:  the  sedoheptulose  undergoes  dismutation  to  form  a  tetrose 
4-phosphate  (probably  erythrose  4-phosphate)  and  dihydroxyacetone. 
The  latter  combines  with  triose  phosphate  to  form  fructose  6-phosphate 
and  the  tetrose  reacts  with  ribulose  5-phosphate  to  give  triose  phosphate 
and  fructose  6-phosphate.  Since  fructose  6-phosphate  can  isomerise  to 
give  glucose  6-phosphate,  the  net  result  of  the  reactions  is  a  cyclic 
process  in  which  one  molecule  of  glucose  6-phosphate  undergoes  the 
following  reaction 

glucose  6-phosphate  ->  triose  phosphate  +  3  C02  -f  2  H20 


(Dickens,  1956).  This  pathway  can  operate  only  under  aerobic  condi¬ 
tions.  Enzymes  which  can  catalyse  the  reactions  involved  have  been 
found  in  animal  tissues,  higher  plants,  yeast  and  some  bacteria.  The 
pathway  may  be  of  considerable  importance.  For  instance,  it  provides 
a  route  for  the  synthesis  of  ribose  5-phosphate,  which  is  involved  in  the 
formation  of  nucleotides  and  co-enzymes.  In  Escherichia  coli  38%  of 
the  glucose  utilised  was  found  to  be  metabolised  via  the  hexose  mono¬ 
phosphate  cycle:  in  Penicillium  chrysogen  this  is  the  only  metabolic 
pathway  of  practical  importance,  while  in  the  rat  its  relative  significance 
varies  with  the  tissue,  being  of  importance  in  liver,  but  not  in  kidney  or 

m  Direct  oxidation  of  hexoses,  without  participation  of  phosphorus 
compounds,  occurs  in  some  micro-organisms  and  seems  likely  to  be 
an  evolutionary  precursor  of  the  other  pathways  The  necessary 
enzymes  have  been  found  in  some  animal  tissues  but  the  pathway 
does  not  appear  to  be  of  any  great  importance.  The  probable  senes 

of  reactions  is  as  follows 


H — C=0 


HO  C  O  HO— C=Q 


C  OH  giucose  _>  H— C— OH 

H ^  oxidase 


c=o 


co2 

+ 

H — 0=0 


H— C— OH 


H_C— OH  H— C— OH  H— C— OH 


s  r. 

flavoprotein. 
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Oxidation  of  Fat 

The  glycerol  moiety  of  fats  is  closely  related  to  the  three-carbon  atom 
compounds  which  occur  as  intermediates  in  glycolysis.  It  is  phosphoryl- 
ated  and  oxidised  to  the  corresponding  aldehyde  which  follows  the 
sequence  of  reactions  leading  to  pyruvate. 


ix '  v_  i  1 2  1  1  ^ 

'~r,2  v_ww 

r-ch2-ch. 

CHo-COS-A 

1 

RCH./CH— 

- CH-CO-S-A 

R-CH2-CHOH 

CH.>-COS*A 

R-CH./CO 

CH>-CO-SA 

ASH 


R-CH2COS*A  +  ch3-cos-a 

Fig.  63  /7-oxidation  of  fatty  acid 

Fatty  acids  undergo  /7-oxidation,  being  degraded  to  two-carbon 
fragments  by  the  scheme  of  reactions  shown  in  Fig.  63.  The  values  of 
AGS  for  these  reactions,  given  in  Table  28,  are  relatively  small.  The 


TABLE  28 

Fiee  energies  of  reaction  for  processes  involved  in  the  oxidation  of  fatty  acids 

A  Gs 

REACTION 

CH3-CH2*CH2*COO-  +  A*SH  +  ATP4- 

“*■  CH3‘CH2‘CH2*CO*S*A  +  amp2-  4  PP3 
CH3*CH2*CH2*CO*S*A  +2Cytc3+2 

CH3-CH  =  CH-COS-A  +  2Cyt  c2+  +  2H  +  _4.2 

^  c  "  HoO  ^CH3-CHOH-CH2-CO-S-A  -0  3 


(kcal./mole) 


-0-2 


CH3-CH  =  CH-COS-A* 


DPNH  +  H  + 


CH3-CO-S -A  +  CH3-CO-S-A 


-3-7 

-3 


CH3-CHOH-CH2-CO-S-A  +  DPN 

_  -  ch3-co-ch2-co-s -a 

CH3.CO-CH2-CO-S-A  +  A-SH  CH, 

PP3-  =  pyrophosphate  A-SH  =  co-enzyme  A 
Values  calculated  from  data  reported  by  Anfinsen  and  Kielley  (1954). 

f„rs‘ st®P  ^  combination  of  the  fatty  acid  with  co-enzyme  A  coimled 
to  he  dephosphorylation  of  ATP.  It  is  possible  that  direct  transfer  of  the 
fatty  acid  from  glycerol  to  co-enzyme  can  also  occur The 

cKWnk  ^eChediCal  ‘'^nations:  in  Jmtion  of 
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acetyl  co-enzyme  A  and  an  acyl  co-enzyme  A  two  carbon  atoms  smaller 
than  the  original.  This  sequence  of  reactions  is  then  repeated  (see 
Anfinsen  and  Kielley,  1954). 

A  less  important  process  which  may  occur  is  co-oxidation  in  which  the 
methyl  group  of  the  fatty  acid  is  oxidised  to  carboxyl,  after  which 
^-oxidation  can  occur  at  both  ends  of  the  molecule.  The  end  product 
of  this  process  is  probably  succinate  or  a  derivative  of  succinate. 

Oxidation  of  Acetate 

A  common  mechanism  for  the  oxidation  of  acetate  is  the  citric  acid 
cycle  (Fig.  64).  Evidence  for  the  occurrence  of  this  metabolic  pathway 

citrate  « _ (acetyl  co-enzyme  A) - oxaloacetate 


-h2o 
c/saconitate 
+h2o 
/socitrate 

-2H 


—211 


malate 
+h2o 
fumarate 

A 

— 2H 


oxalosuccinate  ~C°8  >  a  -oxoglutarate  — succinate 


+  0 


t 


+h20 

Fig.  64  Oxidation  of  acetate 


oxalate 


was  first  obtained  from  animal  tissues,  but  it  has  'f' f  ^J^ier 
widespread  occurrence.  Oxaloacetate  functions  as  a  type  ot  carrier 
for  acetate  with  which  it  first  combines  to  form  citrate,  which  i 
rp  mnverted  to  oxaloacetate  in  about  eight  steps.  . 

There  is  some  doubt  as  to  the  mechanism  by 
formed  from  pyruvate  and  carbon  dioxide.  T  ^  ~ 

ggg mmmm 

boxylase,  which  catalyses  the  reaction 

oxaloacetate2-  +  water  pyruvate-  +  bicarbonate- 
for  which  AGS  =  -91  kcal./mole  and  a  ‘malic  enzyme',  whtch 
catalyses  the  reductive  carboxylation  to  malate 
pyruvate-  +  bicarbonate-  +  TPNH  +  H+  ->  ma  a  e  +  water 

.hid,  AC«  -  M  W  ™  «•"»  »'  *"**  “““ 


OXIDATION  OF  ACETATE 
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result  in  the  synthesis  of  nialate  if  the  ratio  [TPN+]/[TPNH]  were  low 
enough.  Glock  and  McLean  (1955)  found  that  in  liver  this  ratio  has  the 
value  0-029,  which  would  reduce  the  free  energy  change  for  the  reaction 
from  3-0  to  0-8  kcal./mole  (3-0  -f  RT In  0-029).  Thus  the  reaction  is 
practically  reversible  and  could  result  in  the  synthesis  of  malate,  which, 
by  the  operation  of  the  tricarboxylic  acid  cycle  yields  oxaloacetate.  It 
has  been  found  that  incorporation  of  14COa  into  pyruvate  to  form 
oxaloacetate  occurs  at  the  expense  of  ATP  (cf.  Barron,  1952). 

Citrate  is  formed  by  the  transfer  of  acetate  from  acetyl  co-enzyme 
A  to  oxaloacetate  (A(?s  =  —8-5  kcal./mole):  direct  combination  of 
acetate  and  oxaloacetate  would  be  an  endergonic  reaction  (A(?s  = 
+8-2  kcal./mole). 

In  the  degradation  of  citrate  to  oxaloacetate  there  are  four  energy- 
yielding  steps,  namely  the  dehydrogenation  of  wocitrate,  succinate  and 
malate  and  the  oxidative  decarboxylation  of  a-oxoglutarate.  The  free 
energy  values  for  these  reactions  are  given  in  Table  29. 


TABLE  29 


Specific  free  energies  of  reactions  in  the  citric  acid  cycle 
(Burton  and  Krebs,  1953) 


REACTION 


citrate3-  -*  /socitrate3- 

wocitrate3-  +  ^02  ->  oxalosuccinate3-  +  H20 

oxalosuccinate3-  +  H20  ->  a-oxoglutarate2-  +  HC03- 

a-oxoglutarate2-  +  £02  +  H20  ->  succinate2-  +  HCO,-  +  H+ 

succinate2-  +  £0,  ->  fumarate2-  +  H.,0 

fumarate2-  +  H20  ->  malate2- 

malate2-  +  £Oa  ->  oxaloacetate2-  +  HoO 


A  Gs 

(kcal./mole) 

1-6 

-52-5 

-  9-5 
-721 
-35-7 

-  0-9 
-44-8 


It  is  likely  that  a-oxoglutarate  gives  rise  to  succinyl  co-enzyme  A 
by  a  mechanism  similar  to  that  shown  in  Fig.  61  (p.  275)  for  the  con¬ 
version  of  pyruvate  to  acetyl  co-enzyme  A.  There  is  evidence  that 

SSteT6  may  be  Iinked  to  ,he  syn,hesis  of  ATP  b> the 


ADP  succinate  -f  A- SH  +  ATP 


succinyl-S-A  -f  P 

°f  the  Pr°cess  are  not  well-established  (cf.  Kaufman 
are  not ^  ^ 

£?*  ss?  s?  br 

concentrations  of  citrate  and  /socitra.e  in  ra,  tissues  have  been  f  Jnd 
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to  be  in  the  proportions  required  for  equilibrium  (Frohman  et  al ., 
1951)  so  that  there  is  no  loss  of  free  energy  in  this  reaction.  The  con¬ 
centration  of  fumarate  is  greater  than  that  corresponding  to  equilibrium 
with  malate  by  a  factor  of  fifteen,  i.e.  AG  =  —24  kcal./mole 
(-RT\n  15). 

The  sequence  of  reactions  leading  from  succinate  to  oxaloacetate 
provides  a  typical  example  of  the  mechanism  of  biological  oxidation. 
Dehydrogenation  of  succinate  to  fumarate  raises  the  free  energy  of 
formation  by  20-6  kcal./mole  and  oxidation  of  the  hydrogen  involves 
a  decrease  in  free  energy  of  —56-3  kcal./mole.  The  net  free  energy 
change  is  therefore  —35-7  kcal./mole  for  the  overall  reaction 


HOOC-CH2-CH2-COOH  +  |02  ->  HOOC‘CH=CH'COOH  +  H20 

The  next  reaction  in  the  series  is  the  addition  of  water  to  fumarate  to 
yield  malate,  for  which  A Gs  =  —0-9  kcal./mole. 

HOOC*CH=CH*COOH  +  H20  ->  HOOC'CH2'CHOH,COOH 

The  reaction  which  results  from  the  addition  of  these  steps  is  the 
oxidation  of  a  hydrocarbon  unit,  — CH2— ,  to  an  alcohol,  — CHOH— 

HOOC'CH  2*CH  2'COOH  +  |02 ->  HOOC * CH 2* CHOH" COO H 

A  water  molecule  is  formed  in  the  first  reaction  but  another  is  used 
in  the  second,  so  that  there  is  no  net  production  of  water.  The  divisto 
of  the  reaction  into  two  stages,  however,  allows  the  energy  of  oxidation 
to  be  coupled  with  ATP  synthesis  in  the  hydrogen  and  electron  carrier 
system°  Succinate  does  /ot  in  fact  liberate  ^-ous  hy  rogen  as  ts 
Obvious  from  the  value  of  AG'S  for  such  a  reaction  (+  20  6  kcal./mo  e;, 
but  tranSIt  to  an  acceptor.  The  oxidation i  of  the  Mro^« 
place  in  stages  with  the  concomitant  formation  of  ATP  (oxidative 

P^The^akohoh^grouff  of  malate  is  also  dehydrogenated,  yielding  an 
oJo  acif  oxaloacetate'  the  hydrogen  being  transferred  to  an  acceptor 
and  ultimately  oxidised.  Oxaloacetate  can  gw^  f P?  of  J 
simple  decarboxylation  ut  re<wasta  e-  of  the  carrier.  Pyruvate, 
citric  acid  cycle  and  resu’ts  oxjdative  decarboxylation,  the 

like  other  oxo-acids,  c  g  energy  compound, 

energy  of  oxidation  being  c®^erv  isi  gtwo  dehydrogenations 

The  complete  sequence  of  re^cJ  0  ’  Z  in  fhe  disappearance  of  a 

^t^rS'cc^pling  Of  oxidation  and  synthesis 

°fA  nmdtfication^f  the^r^rto^ylic'acid’cycle  is  found  in  some  fungi 
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in  which  oxalosuccinate  undergoes  dismutation,  with  addition  of  water, 
to  yield  succinate  and  oxalate,  thus 


COOH 

i 

COOH 

CO 

COOH 

-> 

+ 

CH-COOH 

ch2-cooh 

1 

CH-COOH 

ch2-cooh 

CHo-COOH 

> 

CH-COOH 

Since  oxalate  is  not  oxidised  further,  the  energy  of  oxidation  of  its 
two  hydrogen  atoms,  which  would  have  been  used  in  the  citric  acid 
cycle,  is  not  made  available. 

Another  variation  which  occurs  in  some  higher  plants  and  fungi 
is  the  conversion  of  malate  into  oxalate.  The  pathway  is  probably 

—  2CO, 

malate  — — 2  glycollate  — — 2  glyoxylate  — °*  >  2  formate 

j/  \ 

oxalate  +  2H  C02  +  2H 

It  is  of  interest  that  formyl  groups  have  some  importance  in  animal 
tissues,  e.g.  in  the  interconversion  of  glycine  and  serine,  but  it  is  not 
known  whether  they  are  formed  from  malate. 

A  dicarboxylic  acid  cycle  is  found  in  certain  moulds  and  bacteria. 
Oxidative  condensation  of  two  molecules  of  acetate  to  give  succinate 
is  followed  by  the  stepwise  transition  to  fumarate,  malate,  oxaloacetate, 
pyruvate  and  acetate  (Fig.  65). 

acetate 


<■ 


—  2H 

Y 

succinate 

—  2H 

▼ 

fumarate 


acetate 


— 2H 
-CO, 

+  H,0 


pyruvate 

A 

-co, 


oxa 


oacetate 


+  H,0 


A 

— 2H 

malate 


Fig.  65  Dicarboxylic  acid  cycle 


Oxidation  of  Amino-acids 

Some  amino-acids  (alanine,  aspartic  and  glutamic  acids)  give  nn 

deamination  compounds  (pyruvate,  oxaloacetate,  a-oxoglutarate^resDec 

nvely)  which  he  on  the  main  metabolic  pathways  which  have  ten 
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discussed.  Others,  e.g.  serine,  cysteine,  threonine,  give  rise  to  compounds 
which  are  related  to  intermediates  on  these  pathways.  The  deamination 
of  leucine  to  yield  the  corresponding  oxo-acid  is  probably  followed  by 
oxidative  decarboxylation  and  the  formation  of  acetate  and  acetone, 
as  follows 


ch3 

ch3 

ch3 

l 

ch3 

| 

ch*ch3 

ch-ch3 

ch-ch3 

1 

CO 

t 

eg 

X 

-u  - 

ch2 

1 

ch2 

1 

ch3  +  ch3 

1 

CH-NH., 

i 

1 

CO 

1 

COOH 

COOH 

COOH 

1 

COOH 

leucine 

/5o-valeryl 

/5o-valeric 

acetone  acetic  acid 

formic  acid  acid 


Deamination  may  be  accomplished  by  a  number  of  types  of  reaction. 
For  example,  five  mechanisms  for  the  deamination  of  aspartic  acid 
have  been  observed,  as  follows : — 


i)  Oxidative  deamination 

hooc-ch2*chnh2-cooh  +  |o2->  hooc-ch2-co-cooh  +  nh3  +  h2o 


ii)  Reductive  deamination 

HOOC-CH2'CHNH2*COOH  +  2H->  HOOC’CH 2*ch 2*cooh  +  nh3 

iii)  Deamination  with  desaturation 

HOOC*CH2*CHNH2-COOH  ->  HOOC*CH=CH*COOH  +  NH3 


iv)  Hydrolytic  deamination 

HOOC'CH 2*CHNH 2’COOH  +  H2°  HOOC*CH2*CHOH*COOH  +  NH3 

v)  Deamination  by  transamination 


hooc-ch2-chnh2-cooh  +  ch3-co-cooh  -> 

HOOC*  CH  2*CO‘  COOH  +  CH3*CHNH2*COOH 

Since  there  are  a  number  of  possible  deamination  mechanisms  and 
many  amino-acids,  there  appear  to  be  many  reactions  which  could  be 
coupled  with  the  synthesis  of  ATP.  Krebs  (1953b)  has  suggested, 
however,  that  it  is  likely  that  only  one  deamination  proofs  namely 
the  oxidative  deamination  of  L-glutamate,  is  coupled  to  ATP  synthesis 
other  amino-acids  transferring  their  amino  groups  to 
to  form  L-glutamate.  In  this  way  the  process  of 
a-oxoglutarate,  catalysed  by  transaminases  which  are  highly  active 
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in  vivo,  links  the  deamination  of  amino-acids  in  general  with  the 
dehydrogenation  of  L-glutamate,  as  follows 

amino-acid  +  a-oxoglutarate  ->  a-oxo  acid  +  L-glutamate 
L-glutamate  +  DPN+  +  HaO  ->  a-oxoglutarate  +  DPNH  +  NH4+ 

Transamination  reactions  and  the  dehydrogenation  of  glutamate 
have  small  free  energy  changes,  so  that  the  large  negative  free  energy 
change  for  the  overall  deamination  reaction  actually  occurs  during 
the  oxidation  of  the  reduced  pyridine  nucleotides  and  is  coupled  with 
the  formation  of  ATP.  For  the  deamination  of  glutamate  to  form 
ammonium  a-oxoglutarate  and  water  the  value  of  AG  is  45  9 
kcal./mole. 

Oxidation  of  Hydrogen 

Between  the  dehydrogenation  of  an  intermediate  of  fat,  carbohydrate 
or  amino-acid  catabolism  and  the  formation  of  water  there  are  a  number 
of  reactions  in  which  hydrogen  or  an  electron  is  transferred  from  one 
acceptor  to  another.  These  acceptors  may  be  arranged  in  a  series 
according  to  the  values  of  the  free  energy  change  for  the  oxidation 
of  the  reduced  form  (A Gf*)  (Fig.  66).  Each  reduced  compound  tends 


/3-hydroxybutyryl-co-enzyme  A 
/.so-citrate 

55-5 

52-5 

lactate 

46-6 

ethanol 

47-0 

a-glycerophosphate 

46-5 

lactate 

46-6 

succinate 

35*7 

a-glycerophosphate 

46-5 

butyryl-co-enzyme  A 

29-0 

malate 

44-8 

flavoprotein  39-41 


DPNH  51-2  ferrocytochrome  b  38-7 

TPNH  51-0  - 


flavoprotein  39-41 


->  Slater  factor  «<- 


I 

ferrocytochrome  c  24-8 

r 

ferrocytochrome  a  23-2 


Values  ofMETi SyStT  ,(showing  the  reduced  forms  of  compounds) 
Values  of  A Gox  (kcal./mole)  are  calculated  from  data  of  Anderson  &  Plant  (1949) 

Krebs  (1953a)  and  Anfinsen  &  Kielley  (1954) 
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to  reduce  the  next  acceptor  in  the  series,  the  value  of  AGS  for  this 
reaction  being  the  difference  between  the  A G%x  values  for  the  acceptors 
concerned.  Under  aerobic  conditions  the  final  acceptor,  molecular 
oxygen,  is  supplied  continuously,  so  that  there  is  an  overall  movement 
of  hydrogen  or  electrons  along  the  chain  from  the  nutrient  being 
metabolised  to  oxygen,  intermediate  acceptors  being  partly  reduced 
and  partly  oxidised  by  a  cyclic  process,  as  follows 


substrate  — > — < —  DPN+  — < - >— FADH2— > — <— cyt  (Fe3+)“<— H20 


oxidised  — <  >—  DPNH 

substrate 


FAD  -< - >—  cyt  (Fe2+) 


O, 


When  two  acceptors  have  similar  thermodynamic  characteristics, 
e.g.  co-enzymes  I  and  II,  the  reaction  mechanism  is  governed  by 
mechanistic  rather  than  energetic  considerations.  The  acceptors  with 
the  highest  energies  of  oxidation  are  co-enzymes  I  and  II,  the  values 
of  A Gs  for  the  reactions  being  —51*2  and  —  510  kcal./mole,  respec¬ 
tively.  If  the  oxidised  and  reduced  forms  of  each  co-enzyme  were 
in  equilibrium  in  the  organism,  the  value  of  the  ratio  [DPN+]/[DPNH] 
would  be  of  the  same  order  as  that  of  [TPN+]/[TPNH].  Clock  and 
McLean  (1955),  however,  found  values  of  1-8  and  0-029,  respectively, 
for  liver.  The  large  difference  between  these  values  shows  that  the 
concentration  ratios  represent  steady  state  rather  than  equilibrium 
values,  presumably  being  due  to  differences  in  rates  of  react, ons 
in  the  metabolic  pathways  involving  respectively  DPNH  or •  TTNH 
Next  come  the  flavoproteins,  the  prosthetic  groups  of  which  are 
flavin  adenine  dinucleotide  or  riboflavin  5-phosphate  The  va'“e  0 
AG'5  for  the  oxidation  of  reduced  FAD  is  —48-0  kcal./mole, 
the  "few  flavoproteins  for 

ThT oTidation-reduction  potential  of  ^ 

and  since  the  dehydrogenases  for  many  different  substrates ;  are  fla 

•  •  i;uh,  that  there  is  auite  a  wide  range  of  AG0X  values, 

proteins,  it  is  likely  that  there  is  dehvdrogenated  by 

reaction  in  accepting  electrons  is 

Cy-Fe3+  +  e  ->  Cy-Fe2+ 
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the  oxidised  and  reduced  forms  differing  by  a  single  electron,  the 
iron  changing  its  valency.  The  oxidation  of  flavoproteins  by  cytochromes 
must  therefore  occur  in  two  stages,  since  two  hydrogen  atoms,  or  the 
equivalent  electrons,  must  be  transferred,  and  it  is  believed  that  a 
semi-quinone  derivative  of  the  flavin  is  formed  as  an  intermediate. 
Some  flavoproteins  have  been  found  to  contain  metals  (e.g.  fatty  acyl 
co-enzyme  A  dehydrogenase  contains  copper)  and  it  seems  likely  that 
there  is  an  internal  one-electron  transfer  from  flavin  to  metal,  this 
then  transferring  an  electron  to  the  cytochrome  (Mahler,  1956). 

There  are  two  pathways  by  which  the  dehydrogenases  are  connected 
to  the  cytochrome  system  (Fig.  66).  One  class  of  substrate  transfers 
hydrogen  to  co-enzyme  I  or  II,  which  reduces  cytochrome  c  by  way  of 
a  fiavoprotein.  Other  substrates  reduce  cytochrome  b,  the  reaction 
being  catalysed  by  a  fiavoprotein.  Cytochrome  b  in  turn  reduces 
cytochrome  c. 

The  energy  of  oxidation  of  DPNH  and  TPNH  is  considerably  greater 
than  that  of  cytochrome  b  and  the  pathway  of  dehydrogenation  is 
related  to  this  difference.  From  Fig.  66  it  can  be  seen  that  the  A G*x 
values  for  the  oxidation  of  those  substrates  which  react  with  co-enzymes 
I  or  II  tend  to  be  higher  than  those  which  react  with  cytochrome  b. 
Lactate  and  glycerophosphate,  which  have  intermediate  values  of 
AGgX,  can  use  either  pathway,  but  compounds  with  very  high  or  very 
low  values  for  A G*x  (e.g.  /9-hydroxy butyryl  co-enzyme  A,  butyryl 
co-enzyme  A)  are  restricted  to  a  single  pathway. 

A  number  of  the  values  for  A G^x  shown  in  Fig.  66  imply  that 
reduction  of  co-enzymes  I  and  II  or  cytochrome  b  by  the  substrate 
are  endergonic  reactions.  In  fact,  the  actual  value  of  AG  in  vivo 
depends  on  the  ratio  of  concentrations  of  the  oxidised  and  reduced 
forms  present  and  a  considerable  variation  is  possible.  If  the  concen- 
tratmn  of  neither  form  is  less  than  1  %  of  the  total  concentration, 
AG  tor  the  oxidation-reduction  reaction  can  vary  over  a  ranee  of  10-8 
keal.  (±  2  RTln  1/100).  g 


•  Fir°m  66  U  can  be  seen  that  there  are  four  stages  in  which  there 
is  a  large  difference  in  free  energy  of  oxidation  and  which  could  therefore 

c  ofDPNH  TPMHyn,heSiS  u  ATP'  namely  0xidation  by  cytochrome 
c  of  DPNH,  TPNH  or  cytochrome  b  and  the  oxidation  of  cytochrome 

a  by  molecular  oxygen.  The  first  three  reactions  involve  oxidation- 

reduction  reactions  of  flavoproteins,  some,  at  least,  being  metallo 

of  cytochrome  a  is  catalysed  by  cytochrome 

characterised  ^  termed  ^ ** 
to  be  an  essential  intermediate  between  the  d^ydrogenasesTnd 
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cytochrome  c.  It  is  possible  that  there  are  other  unknown  factors,  so 
that  Fig.  66  must  be  considered  to  show  the  minimum  number  of 
components. 

The  mechanism  of  the  coupling  reactions  (oxidative  phosphorylation) 
is  unknown  although  various  hypothetical  schemes  have  been  formulated 
(see  Chance,  1956). 

The  terminal  reaction  in  the  oxidation  of  hydrogen  is  the  transfer  of 
electrons  to  oxygen.  The  reverse  of  this  process,  i.e.  the  dismutation  of 
water,  occurs  in  photosynthesis,  the  necessary  energy  being  derived 
from  light  (cf.  Calvin,  1956).  It  is  believed  that  the  chlorophyll  in 
chloroplasts  acts  as  an  organised,  orientated  aggregate  in  which  the 
energy  of  light  quanta  excites  electrons.  Chlorophyll  donates  two 
electrons  to  the  disulphide  lipoic  acid,  yielding,  with  the  aid  of  two 
hydrogen  ions,  the  dithiol  form.  At  the  same  time  chlorophyll  receives 
electrons  from  water,  thereby  yielding  hydrogen  ions  and  molecular 

oxygen. 


METABOLISM  AND  WORK 

Much  of  the  free  energy  of  oxidation  of  nutrients  is  used  by  the  organism 
for  the  performance  "of  work,  but  in  no  instance  has  the  mechanism 
been  completely  elucidated.  The  connection  between  metabolism  and 
work  is  being  Lensively  investigated,  particularly  for  the  contrachon 
of  muscle  (mechanical  work),  nervous  transmission  (electrical  work) 
active  transport  (osmotic  work),  synthesis  (chemical  work)  and 

'TfcTm^  br  the  brea“.n°ef 

ATP  to  ADP  and  phosphate,  catalysed  by  the  enzyme  adenosi 
triphosphatase  which  is  either  identical  with  or  closely  “so“ate^d™  b 

Tatp  ?,  the  Lctrnf  known  to  be  most  intimately  associated  with 
mutul  contrition,  but  it  has  been  claimed  that  there  is  evidence 

for  the  interposition  anot^rajj?t'ion  0f  aTP  to  solutions  of  acto- 

It  has  been  sb°Wh  * ^piitting  of  the  protein  into  its  components 
myosin  results  in  the  spl  g  Droporti0nal  amount  of  ATP  involved 
actin  and  myosin,  and  that  t  p  P  din  a  sinaie  muscle  twitch, 
in  the  reaction  is  the  same  as  rontraction  is  however,  unknown. 

The  relation  between  the  reaction  an i  b  drol  ;is  of  ATP 

It  is  clear  that,  tn  pr.nc'P^  ^  fcal  Jfk  necessary  for  muscular 

could  be  transformed  into  the  mecn  distinction  between 

contraction,  for  on  the  molecular  scale  there  «  m  a  factor 

chemical  and  mechanical  ene  &■  im£ortant  for  polyelectrolytes. 
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electrical  charges,  and  if  the  molecules  are  suitably  aligned,  shape 
would  appear  on  a  macroscopic  scale  as  mechanical  work.  Muscular 
tissue  has  in  fact,  the  high  degree  of  spatial  organisation  which  would 
be  required  for  co-ordination  of  molecular  changes. 

The  ATP  required  during  contraction  is  synthesised  by  glycolysis 
and  the  citric  acid  cycle.  Two  aspects  of  muscle  metabolism  are  closely 
related  to  the  physiological  function  of  muscle.  The  amount  of  ATP 
present  is  relatively  small,  but  is  in  mobile  equilibrium  with  a  larger 
quantity  of  creatine  phosphate,  which  is  capable  of  phosphorylating 
ADP  (Lohmann  reaction).  The  function  of  this  reservoir  of  creatine 
phosphate  is  believed  to  be  the  maintenance  of  ATP  concentration 
during  the  period  taken  for  glycolysis  to  occur  at  a  sufficiently  great 
rate. 

Muscular  contraction  can  consume  energy  at  a  greater  rate  than 
that  at  which  oxygen  is  supplied:  the  anaerobic  phase  of  glycolysis, 
leading  to  the  production  of  lactate,  maintains  the  supply  of  ATP. 
Lactate  diffuses  into  the  blood  and  under  aerobic  conditions  is  oxidised 
to  pyruvate  which  is  then  metabolised  by  way  of  the  citric  acid  cycle. 
This  is  the  basis  of  the  well-known  phenomenon  of  ‘oxygen  debt’. 

There  is  evidence  that  mechanical  movement  other  than  muscular 


contraction  is  linked  with  ATP,  as  for  example  in  amoeba  and  sperma¬ 
tozoa,  but  the  details  of  the  mechanism  are  not  available. 

The  performance  of  electrical  work  is  also  intimately  connected 
with  a  single  compound,  acetylcholine  (see  Nachmansohn,  1952). 
As  foi  muscle,  the  mechanism  is  not  proven,  but  a  widely-held  theory 
of  nerve  action  postulates  a  direct  connection  with  the  hydrolysis  of 
acetylcholine.  The  passage  of  an  electrical  current  along  a  nerve  fibre 
requires  a  supply  of  free  energy  from  some  source  which  must  be 
connected  ultimately  with  the  free  energy  of  nutrients.  It  seems  certain 
that  the  immediate  source  of  free  energy  which  creates  the  current 
is  the  concentration  gradient  of  ions  between  the  inside  of  an  axon  and 
its  environment  The  establishment  of  such  concentration  gradients 
is  accompamed  by  active  transport  (p.  106).  The  conversion  of  the 
potential  energy  associated  with  ionic  concentration  gradients  into 
an  electrical  current  is  believed  to  be  caused  by  a  sudden  change  in 
permeability  of  the  membrane  to  potassium  ions,  due  to  the  retease 

acetylcholine  from  a  protein  complex.  The  free  acetylcholine  is 
destroyed  very  rapidly  by  acetyl  cholinesterase.  acetylch°lme  is 
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gradient  in  the  electric  organ.  Inhibition  of  the  enzyme  blocks  con¬ 
duction,  the  extent  of  blocking  being  related  to  the  degree  of  inhibition. 
The  relation  between  the  effects  of  various  inhibitors  in  vivo  can  be 
correlated  with  the  permeability  of  the  membrane.  Finally,  the  rate 
at  which  acetyl  cholinesterase  catalyses  the  hydrolysis  of  its  substrate 
is  exceptionally  high,  so  high  that  the  destruction  of  the  acetylcholine 
liberated  from  the  protein  complex  in  vivo  could  occur  in  less  than 


1  millisecond. 

Synthesis  of  acetylcholine  under  physiological  conditions  must  be 
coupled  with  reactions  which  can  supply  free  energy,  since  the  value 
of  A Gs  for  hydrolysis  is  — 9-1  kcal./mole.  It  is  found  that  a  choline 
acetylating  enzyme  system  is  present  in  all  types  of  nerve  examined. 
Choline  is  acetylated  by  acetyl  co-enzyme  A,  which  is  formed  directly 
in  carbohydrate  and  fatty  acid  catabolism  and  may  also  be  formed 
from  co-enzyme  A  phosphate,  the  phosphate  group  being  transferred 


to  co-enzyme  A  from  ATP. 

Woolley  (1953)  has  postulated  a  closer  connection  between  the 
reduction  of  quaternary  ammonium  or  sulphonium  ions  and  electrica 
phenomena.  He  points  out  that  the  reduction  of  such  compounds 
has  two  important  characteristics,  namely  that  an  ionic  charge 
involved  and  that  the  reaction  is  very  rapid  The  process  results ;  in  t  e 
conversion,  at  physiological  pH  values,  of  a  highly  ionised  neutr 
salt  into  a  hydroxonium  ion  and  a  weak  tertiary  base,  piac  ica  y 
unionised  (cf.  the  oxidised  and  reduced  forms  of  co-enzymes  I  and  ). 
In  this  way  a  relatively  large  organic  ion  disappears  and  a  small, 
readilv  Xdble  ion  appears.  Thus,  in  theory,  this  reaction  could 

ZHo'ZS  F-l.3-.Lbly  n«»t.  ““t'”  'SS™ 

ions  are  involved  Diffusion  “  salts  such  as 

SU  Active  transport,  resulting  in  the  cation  or  — ance  J  cmtcen- 
tration  £  gradients  ’not  due  fo  Processes^at  f^brium  ^ 

Donnan  equilibrium),  is  believed  occurs  in  cells  which 

metabolic  reactions.  Active  tra,lsP^  .  secretion  and  possibly 
have  a  special  function  related  to  absorption^  ^  ^  the  site  of 

in  all  cells.  It  has  been  found  that  capable  of  absorptive 

transfer  of  free  energy  from  nutnen  s  •  these  structUres, 

and  secretory  activities  and  it  has  been  sugge 
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rather  than  cells,  are  the  fundamental  units  concerned  in  active  trans¬ 
port.  Although  the  occurience  of  active  transport  of  various  substances 
into  or  from  mitochondria  has  been  demonstrated,  the  detailed 
mechanisms  involved  are  unknown.  It  has,  however,  been  shown  that 
the  accumulation  of  phosphate  ions  within  sheep  kidney  mitochondria 
suspended  in  a  saline  solution  of  pyruvate,  ATP  and  phosphate  is 
due  to  the  penetration  of  ATP,  followed  by  its  hydrolysis.  In  this 
instance  there  is  a  very  direct  connection  between  active  transport  of 
phosphate  and  ATP.  The  connection  between  ATP  and  the  active 
transport  of  other  chemical  species  is  likely  to  be  much  less  direct. 

A  process  which  has  been  much  studied  is  the  secretion  of  hydro¬ 
chloric  acid  in  the  stomach.  Although  no  mechanism  has  been  un¬ 
equivocally  demonstrated,  a  theory  has  been  developed  which  is 
consistent  with  the  extensive  biophysical  and  biochemical  evidence 
(Davies,  1951).  It  is  postulated  that  the  appropriate  enzymes  are  arranged 
in  a  suitable  spatial  array  and  that  the  free  energy  required  for  the 
osmotic  work  is  supplied  by  the  hydrolysis  of  an  organic  phosphate, 
as  follows  (cf.  Fig.  67) 

i)  A  carrier,  C,  reacts  with  ferrous  and  hydrogen  ions 

C  +  2H+  +  2Fe2+  ^  CH2  +  2Fe3+ 

ii)  The  reduced  carrier  is  phosphorylated,  e.g.  by  creatine 
phosphate  (CrP2-) 

CH2  +  CrP2~ ->•  CH2-P2~  +  Cr 

in)  The  phosphorylated  carrier  diffuses  across  an  intracellular 
structure  which  is  relatively  impermeable  to  free  hydrogen 
ions,  and  undergoes  oxidative  dephosphorylation 

CH2-P2-  -I-  2Fe3+->  C  4-  P2-  -|_  2Fe2+  +  2H+ 

iv)  The  ferrous-ferric  system  transfers  electrons  back  to  the 
beginning  of  the  cycle,  by  virtue  of  its  spatial  arrangement, 
while  the  free  carrier  and  phosphate  diffuse  back  spontaneously. 

chloridTionT'^  'ty  IS  aCh'eVed  by  sPontaneous  transport  of 


^Theloregomg  reactions  are  similar  to  those  which  are  typical  of 
catabolic  processes.  For  instance,  the  coupled  transfer  of  hvdrosen 

bnutCT^^ 

kinetics  postulated  close  connection  between  phosphorylation 
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and  oxidation-reduction  reactions  is  paralleled  by  the  conversion  of 
glyceraldehyde  3-phosphate  into  glycerate  3-phosphate  and  by  oxidative 
phosphorylation. 

The  secretion  of  acid  by  the  oxyntic  cells  of  the  gastric  mucosa, 
although  complex,  resembles  the  active  transport  of  phosphate  into 


Intracellular 

structure 


a 


C  -*■ 


hV 


CH, 


CrP 


VWP-9- 


CH2P 


Pe-Cy 

Fe3-Cy 


C£ 


-H 


CH  P 


Fig  67  Suggested  mechanism  for  the  active  transport  of  hydrogen  ions  in  the 
secretion  (/hydrochloric  acid  by  the  stomach  (cf.  Davies 

a  hydrogen  carrier.  Arrows  ->  refer  to  chemical  reactions  and  ^  to  thei  mat 
diffusion  The  intracellular  structure  is  assumed  to  be  impermeable  to  hyd>ogen 
ions.  The  respiratory  reactions  coupled  to  creatine  phosphate  are  omitted 

mitochondria  in  that  it  uses  the  free  energy  of  a  chenueal  reaction  to 
create  concentration  gradients  in  appropriate  directions,  diffusion 
then  occurring  normally  from  a  high  to  a  low  concentration. 

Similar  mechanisms  have  been  postulated  for  other  processes,  but 

have  not  been  proved  and  the  evidence  obtained  is  less  extensive. 

For  instance!  the  absorption  of  sugars  has  been  correlated  with  the 
activity  of  p’hosphorylating  enzymes,  but  direct  evidence  ^f  hex 

of  the  e.erg,  of  high-energy  p^jlge^olSS, 

work.  Two  major  processes  can  g  smap  units.  These 

jb.  - 
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turnover  rate.  Secondly,  energy  may  be  supplied  continuously  to 
metabolic  processes  occurring  at  relatively  high  rates,  e.g.  the  conversion 
of  ammonia  into  urea. 

The  coupling  of  energy-yielding  reactions  with  degradative  processes 
is  at  variance  with  the  concepts  of  anabolism  and  catabolism.  For 
instance,  the  formation  of  urea  from  amino-acids  is  a  typical  example 
of  a  catabolic  process,  yet  as  it  occurs  energy  is  first  made  available 
to  the  organism  (in  oxidative  deamination)  and  then  consumed  again 
(in  the  ornithine  cycle)  just  as  during  anabolic  processes.  The  breakdown 
of  the  concepts  of  anabolism  and  catabolism  in  the  light  of  our  know¬ 
ledge  of  reaction  mechanisms  and  energy  transference  is  analogous  to 
the  breakdown  of  the  concepts  of  exogenous  and  endogenous  meta¬ 
bolism  in  the  light  of  results  obtained  from  isotopic  tracer  investi¬ 
gations. 

Synthesis  of  large  molecules  from  small  units  is  achieved,  as  far  as 
is  known,  by  means  of  transference  reactions.  The  energy  of  oxidation, 
which  is  largely  transferred  to  ATP,  is  conserved  by  the  occurrence 
of  transference  reactions  of  small  free  energy.  For  example,  the  synthesis 
ol  a  fatty  acid  can  occur  by  the  reversal  of  the  processes  leading  to  its 
degradation  to  acetate,  provided  that  acetyl  co-enzyme  A  and  the 
reduced  forms  of  a  flavoprotein  and  pyridine  nucleotide  are  continu¬ 
ously  supplied.  Although  the  nature  of  the  enzyme  systems  has  not 
been  elucidated,  the  same  principle  of  synthesis  should  be  applicable 
to  cyclic  compounds  (e.g.  cholesterol).  Macromolecules  can  also  be 
built  up  step  by  step.  For  instance,  the  formation  of  glycogen,  in  the 
presence  of  the  appropriate  catalysts,  is  readily  achieved  from  glucose 
1-phosphate,  since  the  reaction  is  readily  reversible.  Oligosaccharides 

ma>  similarly  be  formed  by  transfer  of  sugar  residues  from  disaccharides 
or  phosphates. 

The  mechanism  by  means  of  which  proteins  are  synthesised  is 
unknown.  By  analogy  with  other  synthetic  processes  it  seems  likely 
that  a  stepwise  transfer  of  amino-acid  residues  from  a  high  energy 

2HnLto*  ?r°HWing  ?eptlde  Chai"  (ori§ina"y  a  dipeptide)  could 
uenPde  It  h  9 T  re?ult'  11  has  bee"  demonstrated  That  once  a 
kT,  ,  been  fo™ed  transpeptidation  readily  occurs  (cf.  Waelsch 

52).  In  view  of  the  fact  that  complete  oxidation  of  glucose  requires 
so  many  enzymes,  the  existence  of  a  complex  multi  enzyme  system 
respons,b!e  for  the  synthesis  of  proteins  seents  possible  *  * 

he  extremely  specific  nature  of  proteins  has  however  led  in 

onT^X“SrfiHti0n  °f  many  amin°-acids  occurs  simultaneously 
,  d  lemplate  (cf.  Haurowitz,  1950)  The  fart  tw  * a-  .  y 
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links  has  led  to  the  suggestion  that  nucleic  acids  may  provide  templates 
on  which  proteins  may  be  formed.  It  is  possible  to  suggest  a  series  of 
reactions  with  negative  free  energy  by  supposing  that  the  carboxyl 
groups  of  amino-acids  are  ‘activated’,  e.g.  by  forming  derivatives  of 
co-enzyme  A,  adenosine  or  phosphate,  at  the  expense,  ultimately,  of 
the  free  energy  derived  from  oxidation.  The  carboxyl  groups  of  the 
amino-acids  may  then  be  transferred  to  the  hydroxyl  groups  of  the 
phosphate  radicals  in  nucleic  acids,  the  nucleic  acids  thus  acting  as  a 
template.  The  final  stage  is  the  transference  of  each  amino-acid  carboxyl 
group  from  the  phosphate  to  the  neighbouring  amino-acid  amino 
group.  There  is  no  direct  evidence  for  the  existence  of  such  a  mechanism, 
but  it  is  known  that  there  is  a  connection  between  protein  synthesis  and 
nucleic  acids  (Brachet,  1955).  This  subject  has  been  reviewed  by 
Borsook  (1956). 

In  summary  it  may  be  said  that,  although  the  mechanisms  for  the 
synthesis  of  relatively  few  compounds  have  been  elucidated,  it  has 
been  established  that  a  limited  number  of  high  energy  compounds  are 
of  fundamental  importance,  being  intermediate  in  the  transfer  of 
energy  of  oxidation  to  synthetic  reactions.  These  high  energy  com¬ 
pounds  may  be  directly  concerned  in  the  synthetic  process,  e.g.  ATP 
in  the  synthesis  of  organic  phosphates,  acyl  co-enzyme  A  in  fatty 


STRUCTURAL 

UNIT 

hydrogen 

phosphate 

amino 


methyl 

imino 

thiol 

acyl 


aroyl 

carbamoyl 

amidine 

adenosine 

glucose 


glucuronic 

acid 

amino-acid 


table  30 

Donors  and  acceptors  of  structural  units  in  biological  synthesis 


DONOR 
e.g.  DPNH 
e.g.  ATP 

glyceroyl  phosphate 
3 -phosphate 
e.g.  alanine 
glutamine  (amide 
group) 

S-adenosyl  methionine 
L-aspartate 
L-homocysteine 
acetyl  co-enzyme  A 

benzoyl  co-enzyme  A 
carbamoyl  phosphate 
arginine 
ATP 

glucose  1 -phosphate 

uridine  diphosphate 
glucuronic  acid 
peptide,  e.g. 
glycylglycine 


ACCEPTOR 

/J-oxoacyl  co-enzyme 
A 

glucose 

ADP 

a-oxoglutarate 
glucose  6-phosphate 

glycocyamine 

L-citrulline 

L-serine 

e.g.  oxaloacetate 
sulphanilamide 

glycine 

ornithine 

glycine 

methionine 

oligosaccharides 

alcohol  or  phenol 

amino-acid,  e.g. 
phenylalanine 


PRODUCT 

/3-hydroxyacyl 
co-enzyme  A 
glucose  6-phosphate 
ATP 

glutamate 

glucosamine  6-phosphate 

creatine 

L-arginine 

L-cysteine 

citrate 

acetylsulphanilamide 

hippurate 
citrulline 
glycocyamine 
S-adenosyl  methionine 
polysaccharides,  e.g. 
starch 

glucosiduronic  acid 
peptide,  e.g. 

glycylphenylalanine 
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acid  synthesis,  but  it  is  not  essential  that  this  should  be  so.  The  only 
consideration  of  importance  is  that  the  reaction  should  be  exergonic. 
Thus,  for  example,  glucose  1 -phosphate  and  an  oligosaccharide  react 
to  give  a  polysaccharide,  peptides  react  to  give  polypeptides.  In  such 
synthetic  processes,  high  energy  compounds  may  be  indirectly  con¬ 
cerned,  e.g.  in  the  synthesis  of  glucose  1 -phosphate  from  glucose. 
A  wide  range  of  organic  compounds  can  be  constructed  from  a  small 
number  of  simple  structures,  the  syntheses  actually  achieved  being 
determined  by  the  nature  of  the  catalysts  and  carriers  present.  Some 
of  the  recognised  donors  of  structural  units  are  summarised  in  Table  30. 
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CHAPTER  9 


KINETICS  AND  THE  WHOLE  ORGANISM 

The  results  of  metabolic  experiments  performed  in  vitro  lead  to  the 
concept  of  the  organism  as  a  complex  network  of  chemical  reactions. 
The  behaviour  of  such  systems  is  conveniently  studied  by  the  appli¬ 
cation  of  kinetics  and  examples  of  this  treatment  of  some  simple  systems 
have  been  given  in  Chapter  6  (p.  1 59).  The  possibility  of  complete 
kinetic  analysis  of  systems  as  complex  as  those  which  operate  in  the 
intact  cell  or  organism  is  remote  on  account  of  the  laborious  nature  of 
the  necessary  computations  and  because  the  data  necessary  for  beginning 
such  a  treatment  are  not  yet  complete.  Many  metabolic  pathways 
remain  to  be  elucidated,  the  kinetics  of  most  unit  processes  have  yet 
to  be  studied  in  detail  and  little  is  known  of  the  exact  nature  of  the 
controlling  mechanisms,  chemical,  nervous  and  hormonal,  which 
operate,  particularly  in  multicellular  organisms. 

It  is,  then,  an  ambitious  project  to  try  to  account  for  the  macro¬ 
scopic  behaviour  of  organisms  in  terms  of  purely  chemical  concepts 
An  essential  preliminary  is  drastic  abstraction  from  real  to  simplified 
and  ideal  theoretical  organisms  shorn  of  their  variability  and  most  of 
heir  properties,  in  fact  of  all  properties  save  those  under  investigation. 

nf  !htS  C^after  most  of  the  Phenomena  considered  are  characteristic 
ot  the  whole  organism  and  are  not  at  present  susceptible  of  detailed 

discussed ^in  Chanted  b l2chemical.  techniques,  as  were  the  systems 
d  ln  Chapter  6.  The  way  in  which  the  methods  of  chemical 
kinetics  may  be  used  to  attack  biological  problems  can  be  compared 

probllmsW  Thermnd  thermodynamies  is  to  deal  with  cheLcal 
problems.  Thermodynamics  is  a  powerful  tool,  in  spite  of  the  fact 

i 

of  treaI  ^ 

matical  model  of  some  activitv  of  q  SSUmptl.ons»  to  construct  a  mathe- 
nons  based  on  the  properties  of  the  moddw^h  the 

ale'Tn  SU*  ^ 

predicted  on  the  basis 

295  - 


296 


KINETICS  AND  THE  WHOLE  ORGANISM 


bears  any  relation  to  the  organism,  or  that  the  original  assumptions, 
unless  based  directly  upon  experimental  observations,  are  correct. 
There  may,  however,  be  a  relation  between  the  model  and  the  organism 
and  the  assumptions  may  be  correct:  the  construction  of  a  successful 
mathematical  account  of  an  aspect  of  the  behaviour  of  an  organism 
not  only  suggests  a  possible  mechanism,  but  shows  that  that  aspect 
can,  in  principle,  be  accounted  for  in  terms  of  physico-chemical 

concepts. 


CONTROL  OF  METABOLISM 

One  of  the  most  striking  characteristics  of  chemical  processes  in  the 
whole  organism  is  the  integration  of  large  numbers  of  single  reactions 
into  a  unified  network,  complex  but  controlled.  The  elucidation  of 
metabolic  pathways  has  thrown  some  light  on  the  nature  of  the  mechan¬ 
isms  responsible  for  this  control.  The  information  obtained  so  far  has 
been  derived  largely  from  the  study  of  simplified  systems,  e.g.  tissue 
homogenates,  mitochondria,  and  these  results  can  be  applied  only  wit 
caution  to  the  whole  organism.  It  is  likely  that  the  controls  found  to 
operate  in  these  relatively  simple  systems  operate  also  in  the  who  e 
organism,  but  it  is  certain  that  they  represent  only  a  part  of  the  whole 

^The' rates  of  metabolic  reactions  are  determined  by  temperature 
pressure  and  the  concentrations  of  reactants  and  catalysts.  It  is  to  be 
expected  that  control  mechanisms  at  the  chemical  level  usually  operate 
by  variations  in  reactant  and  catalyst  concentrations.  th 

Since  almost  all  metabolic  reactions  are  catalysed  by  enzymes,  the 
mo  t  fundam  ntal  method  of  control  is  due  to  the  presence  or  absence 

of  appropriate  enz^ne,  An  Tm— °n  tissues: 

acetate  may  be  formed  from  glucose  either  * 

the  hexose  monophosphate  cycle  (p.  274)  The  enzymes  y 

this  cycle  are  found  in  significant  amounts  mjiver,  J; 

adrenal  and  lactating  mammary  g  >  Co-enzyme  II,  which 

the  enzymes  necessary  for  the  g  yco  y  P  h  ^  monophosphate  cycle, 
is  an  obligatory  hydrogen  acceptor  in .he  hexose  P  ,  Jy  in 

is  present  in  concentrations  con'Par  Quantitative  evaluation  of 

tissues  containing  the  enzymes  of  he  cydeedQua^ch  ^  ^  (wo  path. 

the  proportion  ofcarbohydr  the  hexose  monophosphate 

5:  ;;?;5 V «.« ««<«—  «*  w” 

enzymes  (Dickens,  1956).  metabolic  pathway  are  present, 
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concentrations  of  catalysts.  It  seems  likely,  for  instance,  that  the  control 
of  glycogenolysis  by  adrenaline  and  glucagon,  the  hyperglycaemic 
factor  of  the  pancreas,  depends  on  the  action  of  these  hormones  on 
phosphorylase.  Liver  phosphorylase  can  be  inactivated  (by  dephosphory- 
lation)  by  a  kinase;  adrenaline  and  glucagon  are  found  to  stimulate 
the  reactivation  of  the  enzyme  and  thus  to  favour  a  higher  concentra¬ 
tion.  The  action  of  these  hormones  in  vivo  is  not  completely  explicable 
in  these  terms,  but  it  seems  likely  that  an  effect  on  phosphorylase  is  one 
of  their  modes  of  action.  Other  examples  of  the  interaction  of  hormones 
with  enzymes  are  known  (e.g.  the  stimulation  of  DPN-linked  Aocitric 
dehydrogenase  by  oestradiol),  but  as  yet  it  has  not  been  possible  to 
account  in  detail  for  the  controlling  action  of  any  hormone  in  vivo 
(Sutherland,  1956). 

Rates  of  reaction  may  also  be  controlled  by  variations  in  the  con¬ 
centrations  of  reactants.  For  instance,  in  the  absence  of  oxygen 
glucose  can  be  transformed  to  lactate  by  the  glycolytic  pathway,  the 
rate  being  adjusted  by  a  simple  control  mechanism  to  the  require¬ 
ments  of  the  organ  or  tissue  for  ATP.  This  control  mechanism  is  based 
on  the  concentrations  of  A  DP  and  inorganic  phosphate.  In  glycolysis 
(p.  269)  inorganic  phosphate  is  added  to  the  aldehydic  group  of  glycer- 
aldehyde  3-phosphate  and  subsequently  transferred  to  A  DP  from  the 
carboxyl  group  of  glyceroyl  phosphate  3-phosphate.  If  glycolysis  were 
to  occur  too  rapidly  a  net  synthesis  of  ATP  would  occur,  accompanied 
by  a  decrease  in  the  concentrations  of  A  DP  and  phosphate  ions,  with  a 
consequent  slowing  of  glycolysis:  too  slow  a  rate  of  glycolysis  would 
result  in  the  depletion  of  ATP,  increase  in  concentration  of  A  DP  and 
phosphate  and  an  acceleration  of  glycolysis. 

A  so[^ewhat  similar  state  of  affairs  exists  in  the  oxidative  utilisation 
of  carbohydrate.  Hydrogen  transferred  from  glyceraldehvde  3- 
phosphate  in  glycolysis  and  from  intermediates  of  the  tricarboxylic 
aad  cycle  is  oxidised  by  the  cytochrome  system  with  the  concomitant 

carefuUv  DreoJre,  1 T  ^  ^  PhoSPha,e  <P-  285>-  Experiments  with 
ATP  nil  f  T  ^  m't°chondna  show  that  the  rates  of  respiration  and 
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system  is  coupled  to  phosphorylation  so  efficiently  that  low  concentra¬ 
tions  of  ADP  and  phosphate  are  maintained,  much  lower  than  those 
which  would  permit  glycolysis  alone  to  satisfy  the  demand  for  energy. 
Consequently  glycolysis  occurs  much  more  slowly  in  the  presence  of 
oxygen  than  under  anaerobic  conditions.  The  withdrawal  of  pyruvate 
for  oxidation  ensures  that  the  glycolytic  pathway  continues  to  operate 
in  a  degradative  and  not  in  a  synthetic  direction  (Lardy,  1956). 

A  very  similar  mechanism  is  found  in  plants,  connecting  photo¬ 
synthesis  with  the  tricarboxylic  acid  cycle.  In  light,  carbon  dioxide  is 
added  to  a  pentose  to  form  two  molecules  of  triose  which  are  ulti¬ 
mately  used  to  synthesise  sucrose,  which  can  be  stored.  In  the  dark  the 
triose  is  converted  to  pyruvate,  which  is  simultaneously  decarboxylated 
and  attached  to  a  sulphur  atom  of  lipoic  acid  (Fig.  61,  p.  275).  The 
acetate  formed  is  transferred  to  co-enzyme  A  and  hence  to  the  tri¬ 
carboxylic  acid  cycle  (p.  278).  The  mechanism  which  limits  the  oxida¬ 
tion  of  trioses  which  are  formed  rapidly  in  the  light  also  involves 
lipoic  acid.  The  disulphide  form  of  this  compound  can  react  with 
pyruvate  to  give  the  acetate  derivative,  while  the  dithiol  form  cannot. 
Accumulation  of  the  dithiol  form  will  therefore  decrease  the  amount  of 
triose  which  can  enter  the  tricarboxylic  acid  cycle  via  lipoic  acid  and  co- 
enzyme  A.  Since  the  action  of  light  produces  hydrogen,  which  is  used 
to  reduce  lipoic  acid  to  its  dithiol  form  (and  ultimately  to  reduce  carbon 
dioxide),  it  also  diminishes  the  direct  utilisation  of  triose  by  way  of  the 

tricarboxylic  acid  cycle  (Calvin,  1956). 

In  oxidative  phosphorylation  the  rate  at  winch  ATP  is  produced 
afflcts  the  degree  o’f  reduction  of  the  cytochrome  and  co-enz^ne 
intermediates  in  the  electron  transport  system.  When  ATP 'is  being 
used  and  replenished  rapidly  by  oxidative  phosphorylation,  ADP  and 
phosphateTePvels  are  relatWy  high,  respiration  is  rapid  and  the  oxidised 

forms  of  .cytofro“^  op'^pho sphate  concentrations  are  low 

dynamic  balance.  For  example  n  j  C0.enzvme  A  is  required 

molecule  of  the  high-energy  c°Xd  thus  consuming  at  each  step  the 
for  each  pair  of  carbon  atom* >  add  “n ^ 
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reduced  hydrogen  acceptors.  Such  a  system  is  evidently  in  a  state  of 
balance,  the  requirements  for  ATP  and  hydrogen  being  in  opposition, 
giving  the  opportunity  for  the  operation  of  controlling  mechanisms, 
e.g.  by  means  of  hormones. 

There  are  certain  compounds  which  have  the  property  of  ‘uncoupling’ 
oxidation  and  phosphorylation,  thus  enabling  rapid  respiration  to 
occur,  but  decreasing  the  amount  of  energy  available  for  use  by  the 
organism.  Examples  of  such  compounds  are  2:4-dinitrophenol, 
gramicidin  and  dicoumarol.  It  is  thought  that  they  act  by  forming 
compounds  which  require  free  energy  for  their  synthesis,  thus  diverting 
the  supply  of  energy  from  normal  metabolic  pathways,  but  the  mechan¬ 
ism  of  action  is  still  doubtful.  It  has  been  suggested  that  thyroxine, 
which  has  an  uncoupling  action  in  vitro ,  acts  in  the  same  way  in  vivo ’ 
thus  stimulating  a  higher  rate  of  metabolism  without  the  necessity  for  a 
greater  rate  of  utilisation  of  ATP. 

Experiments  in  vitro  indicate  that  potassium  ions  are  required  for  the 
phosphorylation  of  ADP,  while  magnesium  ions  seem  to  be  necessary 
for  all  transphosphorylation  processes  involving;  ADP  and  ATP 
These  compounds  probably  react  in  the  form  of  magnesium  complexes.' 

as  been  suggested  that  magnesium  and  potassium  ions  are  concerned 
m  the  regulation  of  oxidative  phosphorylation  (Chance,  1956). 

The  examples  of  control  mechanisms  so  far  mentioned  depend  on 
organisation  by  chemical  specificity  and  could,  in  theory,  operate  in 
omogeneous  solution  in  the  absence  of  spatial  constraints  ?The  cell 
has,  in  fact,  a  complex  structure  and  it  is  certain  that  some  regulation  is 
achieved  by  spatial  organisation.  It  has  been  found  conS  in 
fractionating  tissues  to  divide  cell  constituents  into  four  ar0unS  viz 

amuT=t:snd 

there  of  cytochrome  oxidase  AHHv'3’  °r  a“ount  tlle  localisation 
genate,  however  mcrease  thc  ml  f°"  °f  °ther  fraetions  a  homo- 
succinic  dehydrogenase  and  fumarase  P'JUl0n'  ,l1  ls  found  that  while 

in  mitochondria,  uocitric  dehydrogenase  andTm61^6 ,0Calised  mainly 
m  the  soluble  fraction  As  a  result  of  ^  ,  nitase  are  Present  also 
citric  acid  is  loca]ised  chjefly  “  dls‘^ution  of  enzymes, 

membranes  ther^is^SusIvan  metabollc.  Pa,hway  are  separated  by 
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suggested,  f°r  instance,  that  insulin  acts  by  affecting  membrane 
permeability. 

In  addition  to  enabling  diffusion  to  determine  reaction  rates,  structural 
organisation  within  the  cell  appears  to  have  a  direct  effect  on  the  activity 
of  enzymes  located  in  the  particulate  fractions  of  the  cell.  For  instance, 
in  carefully  prepared  mitochondria  adenosine  triphosphatase  (ATPase) 
activity  is  negligible,  but  increases  greatly  when  the  structure  of  the 
mitochondria  is  altered  by  incubation  in  hypertonic  solutions  or  at  a 
temperature  of  38°.  Sometimes  successive  enzymes  of  a  pathway  are 
physically  inseparable  and  must  be  regarded  as  located  in  a  single 
molecule.  The  ‘wocitric  enzyme’,  which  is  an  wocitric  dehydrogenase 
and  an  oxalosuccinic  carboxylase,  is  such  a  ‘double-headed’  enzyme. 
Such  enzymes  have  maximal  efficiency  in  the  utilisation  of  a  substrate 
and  may  permit  little  leakage  of  intermediate  into  the  surrounding 
regions. 

Spatial  organisation  is  not  restricted  to  the  gross  separation  of 
enzymes  into  a  homogeneous  phase  and  various  particulate  structures. 
Mitochondria  have  been  shown  to  possess  a  membrane  and  an  internal 
structure  in  which  a  homogeneous  phase  is  divided  by  septa:  some 
enzymes  are  located  in  the  soluble  phase  of  the  mitochondrion,  while 
others  are  present  in  the  membranes.  It  seems  likely  that  there  is  much 
structural  detail  of  cells  which  is  still  unknown  and  the  function  of  such 
structures  is  a  problem  which  is  only  just  beginning  to  be  investigated: 
it  is  almost  certain,  however,  that  intracellular  structure  will  be  found 
to  be  of  great  importance  in  biochemical  regulation  (Schneider,  1956). 


RATES  OF  PROCESSES  IN  THE  LIVING  ORGANISM 
One  of  the  simplest  experimental  approaches  to  the  physico-chemical 
study  of  the  whole  organism  is  the  measurement  of  the  rate  of  a 
particular  process  or  activity  under  various  conditions.  When  Arrhenius 
put  forward  his  equation  describing  the  dependence  of  the  rate  of  a 
chemical  reaction  on  temperature  (p.  138)  there  was  much  interest  in 
the  possibility  of  its  application  to  biological  processes.  It  was  noted 
that  the  critical  increment,  or  apparent  energy  of  activation,  was  of 
the  same  order  for  both  physiological  and  common  chemical  processes 
and  as  a  consequence  there  emerged  the  idea  that  physiological  p  - 
cesses  are  controlled  by  single  chemical  reactions.  A  considerable 
amount  of  work  was  done,  notably  by  Crozier  and  his  collea^s’  on 
the  temperature-dependence  of  the  rates  of  a  wide  range  of  physro- 
l  aim  1  nrocesses  (e  g  respiratory  movements,  heart  rates)  and  enzy 
Sns  and  a(corrSfion  w Is  established  between  the  frequency 
of  occurrence  of  particular  values  of  Eact  in  vivo  and  m  v  tro  (for 
^ry  see  Hoagland,  1935).  This  approach  has  been  cnt.c.sed  on 
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the  grounds  that  the  experimental  results  obtained  refer  to  complex 
systems  and  not  to  elementary  reactions:  advocates  of  Crozier’s 
approach,  however,  maintain  that  the  values  obtained  could  be 
characteristic  of  a  single  reaction  in  a  system,  provided  only  that  it  is 
sufficiently  slow  to  be  rate-determining  (cf.  p.  181).  At  the  present 
time  much  attention  is  being  devoted  to  the  formal  kinetics  of  complex 
systems  of  reactions.  The  discussion  of  these  is  too  lengthy  to  include 
here  and  the  reader  is  referred  to  accounts  such  as  those  of  Stearn 
(1949)  and  Hearon  (1952).  These  workers  conclude  that,  while  the 
temperature-  (or  pressure-  or  pH-)  dependence  of  the  rate  of  a  com¬ 
plex  reaction  may  be  determined,  over  a  limited  range,  by  a  single 
reaction,  in  the  general  case  it  is  not  so  determined.  This  conclusion 
emerges  also  from  the  more  restricted  theory  developed  in  Chapter 
6,  where  the  concept  of  a  rate-determining  step  was  discussed  (p  177) 
At  the  experimental  level  there  have  been  further  investigations  into 
the  rates  of  physiological  processes  under  varying  environmental 
conditions,  the  results  being  expressed  in  terms  of  the  theory  of  absolute 
reaction  rates  (p.  140),  i.e.  as  functions  of  the  minimum  necessary 
numbers  of  reactions  and  in  terms  of  A E,  AH,  AS,  AV  A E**  AH** 

A5'  and  summary  of  investigations  of  this  type  has  been 

presented  by  Johnson  et  al.  (1954).  ^ 

LUMINESCENCE 

Experimental  investigations  of  the  biochemistry  of  luminescence  have 
been  concerned  mainly  with  the  crustacean  Cypridina  and  whh  various 

aZeeSe°landCuhr,a,(JOhnSOn,’  ’947)'  Opn^fabout  J  in.  to„g  and  has 

tol  :4.naphthoquinoni  T’  Wh'Ch  is  related  chemically 

It  has  nofbee^ possible  in  „  Ca  Proeess  involved  is  an  oxidation. 

any  treatment  disintegrating  fhe^cteria^fso6  u°m  baeteria> 

m  the  intact  organism  on  account  nT.u*  h  ,uminescent  process 
the  rate  of  the  luminescent  reaction  and  he  .Ptr°P0rtionraIity.  between 
and  of  the  ease  with  which  light  intendt  u  lntensity  °f  luminescence 

The  intensity  of  lumin^  quantitatively, 

above  a  certain  very  low  oxvgen  i  t*  J  ygen  concentration 

a  constant  intensity  may  be  maintained  Standard  conditions, 
The  bacteria  are  /ultivaW on ^1”  °d"g  ***  of  *ne. 
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phosphate  buffer,  glucose  and  a  maximal  amount  of  oxygen.  Under 
these  conditions  the  intensity  of  light  emission  remains  constant  for 
about  half  an  hour  at  ordinary  temperatures  and  for  longer  periods  at 
lower  temperatures. 

The  application  of  kinetics  to  the  luminescence  reaction  has  provided 
a  basis  for  the  interpretation  of  several  effects,  e.g.  that  of  temperature. 
From  a  study  of  the  effect  of  varying  concentrations  of  the  necessary 
solutes  on  the  intensity  of  luminescence  it  has  been  found  that  the 
reaction  between  luciferin  and  luciferase  appears  to  be  a  rate-deter¬ 
mining  step  in  the  steady  state,  and,  on  the  basis  of  this  observation, 
the  variations  in  luminescence  with  temperature  and  pressure  have 
been  interpreted  in  terms  of  the  rate  constant  for  the  luminescent 
reaction  and  of  equilibria  between  active  and  inactive  forms  of  the 
enzyme  and  substrate. 

The  intensity  of  luminescence  can  be  formulated  as  a  rate  (v),  thus 

v  =  b  k:es  (175) 

where  b  is  a  proportionality  constant,  a  rate  constant  and  e  and  s 
the  concentrations  of  enzyme  and  substrate,  respectively.  Since  the 
intensity  of  luminescence  is  constant  when  the  bacteria  are  kept  under 
standard  conditions,  as  described  above,  e  and  s  are  presumably  constant 
and  variations  in  intensity  caused  by  changes  in  temperature,  pressure 
etc.  can  be  interpreted  in  terms  of  the  rate  constant,  as  in  the  equations 

k1  =  ( kT/h )K*  =  (kT/h)e-*GtlR 
=  (kTlh)Q-AHtlRTeAstlR 
_  ( kT/h)Q~AEtlRTQ~pAvt,RTQAstlR 

where  k 7  is  the  specific  reaction  rate  and  the  other  symbols  are  those 
used  in  Chapter  5  (p.  142).  By  observing  the  intensity  of  luminescence 
at  varying  temperatures  A .H*  and  A S*  were  evaluated,  and,  by 
varying  the  pressure,  A H*  was  factorised  into  A E*  and  p AV+. 
Constant  values  of  A H*  and  AS+  were  obtained  only  at  low  tempeia- 
tures.  Assuming  that  intensity  of  luminescence  increases  with  tempera¬ 
ture  as  reaction  rate  does,  the  intensity  at  high  tempeiatures  was 
found  to  be  less  than  would  be  expected  from  equation  (175),  reaching, 
at  atmospheric  pressure,  a  maximum  at  23 J  and  decreasing  with 
increasing  temperature,  as  shown  in  Fig.  68.  Since  the  effect  of  hig 
temperature  was  found  to  be  reversible  it  was  attributed  to  the  reversible 
denaturation  of  the  enzyme  protein.  This  was  expressed  by  the  intro¬ 
duction  an  of  equilibrium  constant  into  equation  (175),  which  becomes 

v  =  b  kjes/(i  +  Kj)  (^b) 

where  e  is  the  total  concentration  of  enzyme,  denatured  plus  active, 
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and  K1  the  equilibrium  constant  for  reversible  denaturation.  By 
attributing  values  to  the  functions  AH,  AS,  A E  and  AV  characteristic 
of  Kl  in  the  equations 

—  q-ag/rt^.  ah/rtqasir=  q-aeirt^-pavirTqAS/r  (177) 


the  experimental  data  were  found  to  be  fitted  satisfactorily  by  theoretical 
curves,  the  intensity  of  luminescence  being  given  by  only  ^  ‘heretical 

c7e~  AEi>RTe~pAv*iRT 

V  =  _ _ _ _ 

1  +  &E/RTQ-P&r/RTQAS/R 

bW^e-^rnmbedXtCOnStani  »  and  e-,«  Neither 

are  not  known  ThetStermf  'h  “'^ons e and , 

phosphoreum  are  t\F.'-  —  1 7-2  wl'w  0I'  the  species  Phatobacterium 

A^=  546-b8,3rfnl7m0le  AS-Tfit’  kcaL/moIe- 

-923  +  3-206r  ml. /mole  Thl  *  ~~  84  aL/  C/moIe  and  AV  = 

energy  of  activation  for  luminescence ^  apParent 
spec.es  and  a  heat  of  reaction  of  50-90  Real /mo? m  Vari°US 
denaturation.  According  to  the  data  f  al,/] moIe.for  the  reversible 
at  various  pressures,  the  luminescent  exPenments  conducted 

traDSiti0n  ^  **  *  ^  increase 
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on  denaturation,  the  enzyme  increases  in  volume  by  60-120  ml. /mole. 
The  values  for  the  reversible  denaturation  are  of  the  same  order  as 
those  given  for  similar  processes  in  Chapter  5  (p.  156),  which  fact 
supports  the  above  interpretation  of  the  events  in  vivo  in  terms  of  the 
reversible  denaturation  of  protein. 

The  effect  of  inhibitors  on  the  luminescence  reaction  has  been 
studied  in  some  detail  and  can  be  interpreted  rationally  on  the  basis  of 
equation  (176).  It  was  found  that  inhibitors  may  be  divided  into  two 
groups,  i.e.  those  which  react  with  bonds  or  groupings  not  involved 
in  denaturation  (Type  I)  and  those  which  react  with  groupings  which 
are  so  involved  (Type  II),  very  different  kinetics  being  followed  by  the 
reactions  in  the  two  cases.  Type  I  inhibitors  have  less  effect  at  higher 
temperatures  than  at  ordinary  temperature  and  their  action  is  only 
slightly  affected  by  variations  in  pressure,  while  type  II  inhibitors  have 
most  effect  at  high  temperatures,  since  the  inhibitor  promotes  denatura¬ 
tion,  and  are  greatly  affected  by  variations  in  pressure,  the  denaturation 
process  involving  a  large  volume  change.  Sulphanilamide  is  an  example 
of  a  type  I  inhibitor,  while  alcohols  and  ethers  are  of  type  II.  Hydrogen 
and  hydroxyl  ions  appear  to  behave  as  type  I  inhibitors.  The  general 
equation  expressing  the  intensity  of  luminescence  in  the  presence  of 
inhibitors  of  both  types  is 

v  = _ bk>e^ _  (178) 

1  1  +  Kt  +  Kgi1}  T~  KjK3i'i 

where  K>  is  the  equilibrium  constant  for  the  combination  of  the 
enzyme  with  p  moles  of  I„  a  type  I  inhibitor  and  K3  that  for  combin¬ 
ation  with  q  moles  of  I*  a  type  II  inhibitor  Equations  for  the 
action  of  type  1  and  type  II  inhibitors  separately  have  been  derived  as 

follows: —  , 


v 


V, 


-  1  =  Koif 


( 


V 


=  KM 


Values  for  n  or  a  and  for  A H  and  AK  may  be  calculated  by  graphical 

kinetics  m  vivo.  1  he  miens  y  ancl  inhibitor  concen- 

and  three  Rations  of  the  for. 

of  equation  (177),  in  Kh  K2  and  K;i. 


ENZYME  ADAPTATION 


305 


THE  MASS  ACTION  THEORY  OF  ENZYME  ADAPTATION 

A  wide  range  of  organisms,  including  bacteria,  yeasts  and  mammals, 
have  been  shown  to  adapt  themselves  to  changes  in  food  supply  and 
to  the  effects  of  drugs.  The  mechanism  of  adaptation  has  been  found 
to  involve  changes  in  either  the  nature  or  concentration  of  enzymes  and 
a  mathematical  theory  of  adaptation,  in  terms  of  changes  in  enzyme 
concentration,  has  been  advanced  by  various  authors,  notably  Yudkin 
and  Hinshelwood. 

In  its  most  general  terms  the  theory  postulates  that  the  concentration 
of  an  enzyme  in  an  organism  is  normally  stationary,  the  system  of 
reactions  in  which  it  is  involved  being  in  the  steady  state:  alteration  in 
the  supply  of  substrate,  or  in  the  concentration  of  inhibitors,  will 
disturb  the  steady  state,  so  that  adaptation  consists  of  its  restoration. 
The  capacity  of  a  system  of  chemical  reactions  in  the  steady  state  to 
show  adaptative  behaviour  has  already  been  discussed  (p.  1 73).  Most 
of  the  evidence  which  has  been  put  forward  has  been  derived  from  two 
series  of  experiments.  In  that  due  to  Yudkin  and  his  colleagues  changes 
with  time  in  the  concentration  of  a  particular  enzvme  during  adantafinn 
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1952)  r  . “  uc  ICPresented  as  follows  (Mandelstam, 


X 


-C 


kinetics 
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where  B  is  a  pool  of ‘building  blocks’  for  enzyme  synthesis  (cf.  metabolic 
pool  (p.  189)),  P  the  immediate  precursor  of  the  enzyme  E,  S  the 
substrate  for  E,  X  the  product  of  the  reaction  and  C  the  enzyme- 
substrate  complex.  The  rate  constants,  ku  k2  etc.  are  shown  above  the 
arrows  indicating  the  reactions.  Two  alternative  fates  are  available 
for  X,  namely  catabolism,  its  chief  fate  in  organisms  which  are  not 
growing,  and  anabolism,  in  which  X  or  a  derivative  of  X  is  used  for 
growth  and  so  may  be  considered  to  increase  the  pool  of  building 
material  used  for  enzyme  synthesis  (‘feedback’). 

Adaptation  in  a  system  in  which  X  is  completely  catabolised  will  be 
considered  first.  It  is  supposed  that  the  amount  of  substrate  has  been 
increased  to  such  an  extent  that  the  equilibrium  of  the  free  enzyme 
with  the  enzyme-substrate  complex  and  the  precursor  has  been  dis¬ 
turbed.  Since  adaptation  takes  place  very  much  more  slowly  than 
does  the  combination  of  enzyme  and.  substrate,  it  may  be  supposed 
that  the  amount  of  enzyme-substrate  complex  present  is  at  all  times 
the  steady  state  value  corresponding  to  the  instantaneous  value  of  the 
concentrations  of  enzyme  and  substrate.  This  same  approximation 
is  normally  made  in  in  vitro  studies  but  under  these  conditions  the 
total  amount  of  enzyme  present  is  usually  constant,  only  the  substrate 
varying  in  amount.  The  rate  of  production  of  enzyme  from  precursor 

will  be  given  by  the  equation 


(179) 


dejdt  =  k2p  —  k~2(e  —  c ) 


where  e  p  and  c  represent  concentrations  of  E,  P  and  C,  respectively. 
If  substrate  sufficient  to  saturate  the  enzyme  is  present 


and 


(180) 


de/d  t  =  k2p 
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where  k'  is  a  complex  constant.  In  accord  with  this  equation  it  was 
found  that  there  was  an  exponential  increase  in  the  rate  of  production 
of  enzyme  by  yeast  which  was  both  growing  and  adapting. 

Considering  the  effect  of  substrate  concentration  on  the  rate  of 
adaptation,  it  can  be  predicted  that  the  initial  rate  should  be  indepen¬ 
dent  of  the  substrate  concentration.  Enzyme  formation  will  proceed 
until  the  enzyme-enzyme  precursor  equilibrium  is  re-established,  i.e. 
when  the  appropriate  amount  of  free  enzyme  is  present.  Simultaneously 
the  amount  of  substrate  will  fall,  since  the  rate  of  conversion  of 
substrate  to  product  will  increase  continuously.  In  the  early  stages  of 
adaptation  the  degree  of  saturation  with  substrate  of  the  small  amount 
of  enzyme  present  will  be  high,  the  rate  of  production  of  enzyme  will  be 
maximal  (i.e.  ( e  —  c),  in  equation  (179)  will  be  negligible)  and  increases 
in  substrate  concentration  will  be  without  effect.  As  the  amount  of 
enzyme  increases  the  rate  of  production  will  fall  to  zero.  Mandelstam 
and  Yudkin  (1952)  showed  that  the  initial  rate  of  production  of 
galactozymase  by  yeast  cells  was  independent  of  galactose  concentration . 

It  is  possible  to  consider  also  the  relation  between  the  extent  of 
adaptation  (i.e.  the  amount  of  enzyme  formed)  and  substrate  concen¬ 
tration.  Two  conditions  may  apply:—  a)  the  formation  of  precursor 
may  be  unrestricted,  or  b)  it  may  be  restricted.  Considering  first  con¬ 
dition  a),  the  equation  for  the  formation  and  breakdown  of  the  enzyme- 
substrate  complex,  if  ‘feedback’  is  neglected,  may  be  formulated  as 


dc/dt  =  k3s(e  —  c)  —  k..3c  —  k4c 


and  the  corresponding  expression  for  the 

substrate  complex  in  the  steady  state  ( dc/dt 
is 


concentration  of  enzyme- 
=  0,  c  has  maximum  value) 


where 


c  = 


_ es 

s  +  (k_3  -f-  k4)/k3 


(181) 


(k-*  4-  k i)/k3  Km  (Michaelis  constant) 

In  the  steady  state  let  the  relevant  concentrations  be  ea, 

Ca  =  eaSa/(Sa  4“  AT,/) 

For  some  other  substrate  concentration,  sb. 


ca  and  sa,  then 


^b^blK^b  ~r  NM) 


The  corresponding  concentrations  of  free  enzvme  ^ 

(eb  ~  cb).  These  will  be  eaual  cjn^  a  ' m  are  ^ ~  O  and 

equal,  since,  under  conditions  where  the 
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supply  of  ‘building  material’  is  unrestricted,  P  and  hence  the  concen¬ 
tration  of  free  enzyme  in  equilibrium  with  it,  will  be  constant.  Thus 


ea  ~ 


=  e„ 


ehs 


6°  b 


sa  ~f"  Km  sb  -j-  Km 

so  that 

eb  =  ?a(Sb  +  KM)l(sa  +  Km) 

It  has  been  shown  that  this  equation  applies  to  the  relationship  between 
the  liver  arginase  of  rats  and  the  protein  content  of  their  diet  and  to 
that  between  yeast  galactozymase  and  the  galactose  concentration  in 
the  growth  medium. 

If  the  formation  of  precursor  is  restricted  (condition  b,)  the  expression 
derived  for  eb  is  somewhat  different.  Assuming  that  the  total  available 
amount  of  P  is  present  from  the  start, 

dp/dt  =  k_2(e  —  c)  —  k2p 

In  the  steady  state 

dp/dt  =  0 

and 

c  =  e  —  p(k2/k_2) 

Since  k2/k_2  =  Ke,  the  equilibrium  constant  for  the  enzyme-enzyme 
precursor  reaction, 

c  =  e  —  Kep  (182) 

As  (e  p)  is  constant,  since  the  amount  of  precursor  is  limited, 
and,  from  equation  (181), 

c  =  es/{s  +  Km) 

Kep  =  e  —  c  =  <?  ( 1 


s  +  K- 


M 


so  that 


:) 


K(e+p)  =  e[y  +K,-j1tkj 

(e  q_  p}  is  constant,  and  if  sa  and  sb  are  substrate  concentrations 
in  two  steady  states  where  the  enzyme  concentrations  are  ea  and  eb 


4 


K  - 


Sa+K 


—  Chi  K  - 


w 


Sb 


K 


M' 


where  K  =  Ke  +  1. 
Thus 


/K  —  sj(sa  +  Km) 

Cb  =  e“'.k.  - 


This  equation  was  applied  to  the  formation  of  galactozymase  by  yeast 
cells  and  the  following  agreement  obtained  between  theoretical  an 
experimental  results  (Table  31). 
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Relationship  between  galactose  concentration  and  amount  of  galactozymase 
formed  by  Saccharomyces  cerevisiae  when  amount  of  precursor  is  limited 

(Mandelstam,  1952) 


Galactose  concentration  (%) 

Activity  of  galactozymase 
Found  Calculated 

2 

16 

17 

3 

26 

24 

4 

30 

30 

5 

36 

35 

6 

40 

39 

8 

47 

47 

Another  problem  which  can  be  treated  by  the  mass-action  approach 
is  that  of  competition  between  enzyme-forming  systems  in  non¬ 
growing  organisms.  In  the  simple  case  considered  it  is  assumed  that 
only  one  ‘building  block’,  Q,  is  involved  in  enzyme  synthesis,  that  the 
total  amount  of  this  is  present  from  the  start  and  that  the  reactions 
follow  first  order  reaction  kinetics.  When  the  substrates  S,  and  S, 
are  added  the  system  may  be  represented  as 


k\ 


Eo 

t 


X., 


<Tha«  r,h0tazrvemesdreach1heirr  h*  disCussed-  Assumi"g 
taneously  y  'he‘r  steady  s,ate  concentrations  simul 

But  k*  =  k-{e‘  ~  c'> 


so  that 


ct  —  eiSj/isj  -f-  KM1)  and  kfk^  =  Kt  , 


Similarly  for  the  second  enzyme,  and  hence 

+  Kmj)  =  e2KM!l  K,2(st  +  KM2) 
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The  conditions  leading  to  this  relationship  are  not  in  general  attainable, 
and  it  can  therefore  be  applied  only  semi-quantitatively.  General 
conformity  between  calculated  and  observed  results  was,  however, 
obtained  for  galacto-  and  malto-zymases,  indicating  that  this  type  of 
treatment  is  probably  valid,  although  oversimplified. 


Study  of  Bacterial  Concentrations 


This  approach  to  enzyme  adaptation  is  largely  due  to  Hinshelwood 
(1946).  In  order  to  appreciate  the  development  of  the  theory  it  is 
necessary  to  know  something  of  the  experimental  techniques  employed. 
The  fundamental  observations  made  consist  of  turbidimetric  deter¬ 
minations  of  the  density  of  bacterial  populations.  The  course  of  a 
single  experiment  is  as  follows.  A  small  amount  of  medium  containing 
bacteria  (the  inoculum)  is  transferred  from  an  existing  culture  to  a  new 
medium.  The  population  remains  constant  for  some  time  (the  ‘lag 
phase’)  and  then  begins  to  multiply  rapidly:  in  most  cases  the  process 
of  multiplication  very  rapidly  becomes  exponential  (the  ‘logarithmic 
phase’).  When  the  population  reaches  a  certain  limiting  density,  growth 
ceases  for  such  reasons  as  lack  of  food  or  accumulation  of  toxic  concen¬ 
trations  of  waste  products  and  the  population  remains  stationary 
(the  ‘stationary  phase’).  The  duration  of  the  lag  phase  (‘lag  time’) 
and  the  rate  of  increase  during  the  logarithmic  phase  are  the  two  chief 
parameters  which  can  be  evaluated  from  measurements  of  population 


densities  at  given  times. 

For  the  present  purpose  two  bacterial  enzymes  are  considered. 
Enzyme  (I)  increases  autocatalytically  and  produces  a  diffusible 
substrate  which  enzyme  (II)  can  attack,  though  most  of  this  substrate 
is  supposed  to  be  lost  by  diffusion.  This  assumption  is  plausible  and 
simplifies  the  mathematics  involved,  since  the  concentration  of  sub¬ 
strate  under  these  conditions  becomes  approximately  independent  ot 
the  rate  at  which  it  is  consumed  by  enzyme  (II).  Enzyme  (II)  also 
produces  a  diffusible  compound,  but  this  does  not  enter  explicitly  into 
the  equations  which  are  formulated.  In  a  growing  bacterium  the  sub¬ 
strates  and  products  of  the  action  of  enzymes  (I)  and  (II)  would  be 
used  by  other  enzymes  and  all  the  enzymes,  substrates  and  products 
would  be  linked  in  a  complex  system,  the  result  of  the  activity  of  which 
is  an  increase  in  the  amount  of  each  enzyme.  The  great  mathematical 
complexity  of  the  kinetics  of  such  a  system  necessitates  simplification 
and  it  is  assumed  that  any  given  enzyme  increases  a^tocata^  .** 
It  should  be  stressed  that  this  simplification  is  introduced  as  b  g 
mathematically  equivalent  to  the  complex  situation  which  is  envisaged 
and  not  because  it  is  necessarily  a  biological  fact:  it  makes  possible  an 
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elementary  treatment  without  affecting  the  validity  of  the  conclusions 
reached.  The  approximate  mathematical  equivalence  of  a  system  of 
autocatalytic  enzymes  and  an  autocatalytic  system  of  enzymes  has 
been  discussed  by  Hinshelwood  (1953). 

It  is  assumed  that  enzymes  (I)  and  (II)  consume  substrate  and 
simultaneously  produce  diffusible  products  and  more  enzyme.  If 
enzyme  (I)  is  saturated  with  substrate, 


dejdt  =  k,ej;  dp/dt  =  k2et 


where  e,  is  the  concentration  of  enzyme  (I),  p  the  concentration  of 
the  product  and  kj  and  k.,  constants.  The  net  rate  of  increase  of  p 
will  be  approximately  equal  to  the  difference  between  the  rate  at  which 
it  is  produced  and  the  rate  at  which  it  is  lost  by  diffusion,  the  rate  at 
which  it  is  consumed  by  enzyme  (II)  being  neglected.  If  n  is  the  number 
of  cells  present, 

ndpldt  =  k2e1  -  bpn  (183) 

where  b  is  a  diffusion  constant.  The  average  surface  area  of  the  bacteria 
is  assumed  constant,  since  the  size  of  individuals  varies  from  large, 

before,  to  small,  after  division.  In  a  steady  state  the  concentration  p 
will  be  constant,  i.e.  r 

dp/dt  =  0 

so  that,  from  equation  (183) 


k.,e 


2*1 


b/;n 


(184) 


As  the  enzymes  are  increasing  autocatalytically,  their  amount  is  not 

:srrata  being  achieved  by  ,he  grow,h  °f  the 


.  ac,>  =  n 

where  a  is  a  constant. 

Inserting  this  value  of  n  into  equation  (184), 

k2e1  —  bz?ae.,  =  0 

or  r  - 


(185) 


P  =  koej/abe*, 

fhe'mtio  ofTh'  **  “  8nd  *  m  COnStants* 
being  synthesised  is  constant  a  .e  concentratl°ns  of  enzymes 

written  for  A"  CqUat,0n  similar  085)  can  be 

The  theory  can  now  be  related  to  the  effect  r>r  a 

.1. 
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to  be  zero  time  since  has  a  steady  value  and  it  is  likely  that  the 
lag  is  due  largely  to  a  disproportion  of  enzymes.  In  practice  it  is  found 
that  inoculation  from  a  culture  in  its  logarithmic  phase  has  a  minimum 
lag  time.  If  inoculation  is  from  a  culture  in  its  stationary  phase  the  lag 
time  in  the  new  culture  increases  with  the  duration  of  the  stationary 
phase  in  the  old  culture  before  the  inoculum  was  removed.  If  certain 
drugs  are  included  in  culture  media  it  is  observed  that  although  at 
first  growth  rates  are  reduced  and  lag  times  increased,  they  are  eventually 
restored  to  normal,  ‘uninhibited’,  values  characteristic  of  drug-free 
cultures.  The  mass-action  theory  accounts  for  this  adaptation  or 
‘training’  by  postulating  reversible  inhibition  of  enzyme  (I).  Adaptation 
to  a  drug  then  consists  of  the  synthesis  of  a  greater  amount  of  enzyme 
(I),  so  that  the  amount  of  free  enzyme  is  the  same  as  that  in  bacteria 
grown  on  a  drug-free  medium.  In  the  drug-free  steady  state  it  is  the 
ratio  of  the  total  concentrations  of  the  enzymes  (e;/c2)  which  is  constant. 
When  the  drug  is  added  it  combines  in  part  with  enzyme  (I),  so  that 
there  is  a  temporary  reduction  in  the  concentration  of  that  enzyme  in 
any  particular  form  and  the  system  will  not  be  in  a  steady  state  until 
the  ratio  has  changed  to  e'1le2,  where  e\  >  e:.  The  exact  value  of  the 
ratio  depends  on  the  degree  of  inhibition  of  the  enzyme,  for  after 
adaptation  there  must  be  the  same  total  amount  of  enzyme,  excluding 
that  in  the  form  of  the  enzyme-drug  complex,  as  before  inhibition. 
In  order  to  obtain  equations  which  are  susceptible  of  experimental 
verification  it  is  convenient  to  consider  the  effect  of  drugs  on  lag  time 
rather  than  on  growth  rate.  The  organism  is  first  trained  by  growth  in 
the  presence  of  the  drug  and  during  the  logarithmic  phase  of  growth 


inoculum  is  transferred  to  a  second  medium  containing  a  standard 


an 


concentration  of  the  same  drug.  The  lag  time  in  the  new  medium  is  a 
measure  of  the  degree  of  adaptation  in  the  old  medium  since  there  is  no 
appreciable  adaptation  during  the  lag  phase.  It  is  assumed  that  the 
minimum  lag  time,  i.e.  that  of  an  inoculum  taken  from  a  culture  in 
its  logarithmic  phase,  is  inversely  proportional  to  the  rate  of  working  o 
pn/vnie  (T).  The  lag  phase  ends  when  the  bacteria  start  dividing,  which, 


or 


A 


(186) 


lag  time  (L)  -  "iean  ra^  0f  working  of  enzyme  (I) 
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where  A  is  a  constant.  It  has  been  supposed  (p.  310)  that  the  functioning 
of  the  cell  depends  on  the  presence  of  an  essential  metabolite,  P, 
produced  by  enzyme  (I)  and  consumed  by  enzyme  (II).  The  rate  of 
working  of  enzyme  (II)  depends  on  the  concentration  p,  according 
to  the  familiar  Michaelis-Menten  expression,  i.e. 

v  =  k'p/(l  +K p)  (187) 

where  k'  and  K  are  constants.  By  inhibiting  enzyme  (I),  the  drug  will 
reduce  p ,  i.e. 

P  =Pn  —  Pd 

where pu  is  the  normal  (uninhibited)  value  of p,pd  its  value  in  the  steady 
state  established  in  the  presence  of  a  drug  and  <f>{d)  is  a  function  of  the 
drug  concentration  (d).  The  simplest  assumption  which  can  be  made 
is  that  the  function  cf>  is  linear,  i.e. 

p  =pn  ~k"d  =pd  (188) 

where  k  is  a  constant.  After  adaptation  the  concentration  of  the 
product  will  have  returned  to  the  value  pn,  so  that,  on  transferring  the 
cells  to  a  drug-free  medium,  since  it  is  postulated  that  inhibition  is 
reversible,  p  will  increase  from  pn  to  (/?„  +  k "d),  i.e. 


P  =pn  +  k  "d 


(189) 


If  the  cells  are  first  subjected  to  a  drug  concentration  dt  and  then 
transferred  to  a  concentration  d,  for  measurement  of  lag  time  the 
concentration  of  product  will  be  given  by 


P  =Pn  +  k  "d,  -  k  "do 


(190) 


(ef.  equations  (188)  and  (189)).  Combining  equations  (186)  (1871 

(189)  and  (190),  the  following  relation  is  deduced 


~  L«  -  AL  =  p(— 
k  \p„ 


_ } _ 1  \ 

f  k"dt  —  k"d2  pn  +  k"dj  (191) 


-  i  ..  — i ' 

where  L0  is  the  value  of  L  when  d>  =  0.  The  validitv  nf  thie 

can  be  tested  experimentally  and  is  in  fact  found  tn  fit  a  e9ua0on 

adaptation  of  Bacterium  iLs  The  e"  thC 

z  •—  St ‘ “s 


1  v  in 


1-4 
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This  is  derived  from  equation  (191)  by  substitution  of  the  equalities 
pn  =  54k"  (192)  and  A/k'k"  =  104  (193) 

The  curves  obtained  are  shown  in  Fig.  69. 


If  L  is  large  compared  with  L0,  the  approximate  relation 

1 


A 

AL  =  L  = 


k'  . pn  +  k  d1  k  d2. 


(194) 


holds,  and  if  some  value  of  d2,  say  ds,  is  the  drug  concentration  for 
which  L  increases  to  a  definite  large  value,  say  1000  minutes,  then, 
from  equation  (194), 

ds  —  dj  =  constant  (195) 

From  the  experimental  results  given  in  Table  32  it  can  be  seen  that 
there  is  satisfactory  agreement  between  the  values  in  the  last  two 
columns,  showing  that  the  theory  of  adaptation  outlined  above  can 
account  quantitatively  for  experimental  observations. 
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Series  of  experiments  with  other  drugs  require  more  complex  functions 
for  AL,  three  principal  types  being  adequate.  Since  the  equations 
which  result  describe  not  only  the  position  of  the  curves  with  respect 
to  the  axes  but  also  their  shapes,  it  seems  likely  that  the  fit  of  the 
experimental  data  on  the  theoretical  curves  is  due  not  only  to  the 
extra  constants  introduced,  but  to  the  correctness  of  the  basic  assump¬ 
tions  of  the  theory. 

TABLE  32 

*Aooo  (^iooo  ~  40)  dx 
30  -10  0 

50  10  10 

62  22  22 

84  44  43 

114  74  84 

137  97  112 

242  202  164 

490  450  430 

rfiooo  =  ds  in  equation  (195),  the  value  of  the  constant  being  taken  as  40. 

Other  drugs  to  which  B.  lactis  aerogenes  shows  adaptation  in  accord¬ 
ance  with  the  extended  theory  include  potassium  tellurite,  propamidine 
crystal  violet  and  sulphanilamide.  In  addition  ‘cross  adaptation’  has 

thaTth  ,  occfuruand  t0  §ive  results  in  accordance  with  the  theory 
that  the  action  of  the  drug  depends  on  the  inhibition  of  an  enzyme 

™!onrogfthk’en  that  adap‘ation  dePends  the  increased  concen- 

instance  cells  nf  ^  pi?dlcted  by  the  mass-action  theory.  For 
instance,  cells  of  the  above  bacterium,  when  adapted  to  proflavine 

0 92)  anhdaa93)  1°"T 

there  ta^‘^S,^Ah0UI?i,led  in  the  Reding  paragraphs 

behaviour  of  bacteria  is  considered°in  “  mTof  thT7  “  Which  the 

system  of  enzymes.  This  theory  is  app  ieT  to  the  pr0perties  of  a 
many  qualitative  and  aiiantitart™.  ^  ?  t0  the  mterpretation  of 

bacteria  to  drugs  and  to  new  f  a*a  deahngwith  the  adaptation  °f 
reversion  after  fuch  traininHhl  n  matCnals’  toSether  with  their 
cell  division  and  what  might  be  called  Tv  °f  .Vanous  fact°rs  upon 
must  be  stated  that  not  all^workeix  a  xperimental  evolution’.  It 

fit  of  experimental  data  with  theory  is  sufficlf indicatTon  oAUt^ 
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of  the  latter.  Yudkin  himself  (1953)  has  advanced  a  modified  theory  of 
natural  selection  in  an  attempt  to  account  for  bacterial  adaptation. 
Whether  or  not  theories  of  the  sort  discussed  here  are  regarded  as 
satisfactory  in  their  present  form,  the  potentialities  for  success  in  such 
attempts  to  interpret  the  behaviour  of  living  organisms  in  terms  of  the 
concepts  of  biochemistry  are  apparent,  in  that  the  physico-chemical 
approach  has  in  such  a  short  time  produced  theories  which  can  take 
their  place  beside  more  orthodox  ‘biological’  theories. 


THE  REGULATION  OF  DIFFERENTIATION 

A  characteristic  property  of  multicellular  organisms  is  the  speciali¬ 
sation  of  various  parts  to  form  differing  structures  with  distinct 
functions,  i.e.  differentiation.  It  is  well-known  that  the  particular 
patterns  of  growth  and  differentiation  characteristic  of  each  type  of 
organism  are  controlled  by  hereditary  factors,  but  experiment  has 
shown  that,  in  general,  a  greater  area  of  tissue  is  capable  of  a  certain 
type  of  differentiation  than  normally  becomes  differentiated.  A  minor 
morphogenic  problem  is  thus  raised :  given  the  fact  that  differentiation 
can  occur,  what  is  the  mechanism  responsible  for  restricting  it  to  an 
area  smaller  than  that  which  is  potentially  capable  of  such  difterentia- 
tion7  Once  the  qualitative  genetic  control  is  assumed,  this  is  a  quan- 
titative  problem,  and  in  the  following  section  we  shall  develop  a 
simple  account  of  a  theory  put  forward  by  Spiegelman  (  ) 

account  for  observed  facts.  His  suggestions  relate  to  particular  problems 
dealing  with  coelenterates,  but  are  quite  general  in  their  implications. 
d  The°difFerentiation  of  hydrozoan  coelenterates,  e.g.  Hydra,  Tub‘llar'“’ 
halbeen  studied  in  detail  "by  many  biologists  and  there  is  a  cons,  erab 
smm.nt  of  experimental  information  which  can  be  used  to  test 
SnieneTman’s  theory.  Hydrozoa  are  aquatic  invertebrates  consisting 

Sun,  of .  i-;  32 

is  cut  the  hydranth  is  dist  a!  re£  T^u^he  tislue  is  at 

slowly  in  the  proximal  than  i  uvdranth  formation,  although  a 
all  levels  potentially  capable  y  ability  of  proximal 

regions  to  regenerate  hydrantns,  y  distai  region.  Some 

already  exists  or  may  be  regenerated  ^  tQ  be  described 

regulating  influence  is  obv^ous^  ^  is  due  to  competition  for  food 

than  t0  the  act,on  °f 
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a  chemical  regulator  or  to  some  specific  process.  It  was  already  realised 
that  it  was  necessary  to  invoke  the  concept  of  competition  as  a 
regulatory  mechanism,  but  the  first  formal  mathematical  theory 
was  developed  by  Spiegelman. 

The  organism  is  an  open  system  through  which  matter  is  flowing 
and  within  which  energy  must  be  expended  to  maintain  the  status  quo. 
Since  many  of  the  metabolic  processes  involved  occur  in  all  tissues, 
the  events  in  one  cell  or  tissue  may  affect  those  in  others  to  which 
they  are  physically  connected  simply  because  they  have  common 
metabolites.  Such  mutual  interference  is  termed  ‘interaction’.  In 
particular  it  is  assumed  that  actively  differentiating  tissue,  e.g.  that 
which  is  regenerating  a  hydranth,  requires  a  higher  food  intake  than 
normal  on  account  of  the  synthesis  of  new  structural  material.  The 
significance  of  the  term  competition  for  space’  used  above  may  not 
be  self-evident.  The  excretion  of  waste  products,  which  become  toxic 
if  their  concentration  rises  above  a  certain  level,  necessitates  that  a 
cell  should  have  sufficient  environmental  space  to  ensure  that  its 
waste  products  are  diluted  to  a  harmless  concentration.  Overcrowding 
of  cells  will  therefore  tend  to  reduce  metabolic  activity  even  if  there  is  a 
plentiful  food  supply.  Under  such  conditions  we  may  visualise  com¬ 
petition  for  space  into  which  waste  products  may  be  excreted.  The 

fo^^vhirh1Sth  kT  ^°t'that  occurs  in  populations  of  individuals, 
for  which  the  kinetics  of  competition  in  various  ecological  circum¬ 
stances,  e.g.  those  relating  predator  and  prey  populations  have  beTn 
developed  successfully  (cf.  Kostitzin,  1939). 

Development  of  Theory 

Consider  a  group  of  cells,  isolated  from  any  similar  erouo  and 

“37,  rssr  a- “/,»•.  ¥z-z 

to  be  constant,  be  c0  and  the  mass  of  differentiated  cells  c'atTimTr 
The  mass  of  undifferentiated  cells  will  therefore  ® 

rate  of  formation  of  differentiated  ppII  u  u  (co  c)*  The 

of  undifferentiated  cells  the  ^nl  f  '  be  rdated  t0  the  mass 
tionality,  ’  the  Simplest  relatlon  b^ng  direct  propor- 

dc/dt  =  nt(c0  —  c)  (1% 

where  tt,  is  a  constant  which  mav  be  rallpH  a  ir  . 

since,  under  any  given  condition*  t  ^  dlTerentiation  potential, 
differentiation.  Equation  (IQfit  i’  'r  Va  Ue  determ'nes  the  rate  of 
only  when  all  cells  are  differentia^1*!  e'^h  differentiation  ceases 
reasonable  to  allow  for  a  certain  amount ^’f  "he.n  c  =  co-  11  is  more 
whtch  may  be  done  by  assuming  some 
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undifferentiated  when  the  rate  of  differentiation  has  fallen  to  zero. 
Let  the  maximum  mass  ol  cells  differentiated  be  cM.  The  mass  of  cells 
which  have  been  transformed  expressed  as  a  fraction  of  the  total 
mass  ( cM/c0 )  is  called  the  ‘environmental  coefficient  of  resistance’. 
The  revised  description  of  the  course  of  differentiation  is  now  given  by 
amending  equation  (196)  to  give 

dc/d t  =  77 t(cM  -  c)  (197) 

The  mutual  competition  of  the  cells  has  not  yet  been  allowed  for: 
each  cell  which  differentiates  makes  it  more  difficult  for  the  remaining 
undifferentiated  cells  to  get  food,  and  by  increasing  the  rate  of  meta¬ 
bolism  raises  the  rate  of  excretion  of  waste  products,  thus  intensifying 
the  competition  for  space.  This  situation  may  be  expressed  by  assuming 
that  the  differentiation  potential  decreases  with  time,  e.g. 

7Tt  =  77  -  AC  (198) 


where  A  is  a  constant  and  tt  is  the  value  of  Trt  when  differentiation  has 
just  started,  all  the  cells  being  undifferentiated.  77  may  be  termed  the 
‘inherent  differentiation  potential’.  When  differentiation  ceases  the 
value  of  nt  is  zero,  i.e. 

7Tt  =  0  and  c  =  77/A  .  (199) 


It  may  be  seen  from  equation  (198)  that  the  greater  the  value  of  A 
the  greater  will  be  the  inhibition  of  the  inherent  differentiation  potential 
by  the  presence  of  a  given  mass  of  differentiated  cells.  As  it  expresses  the 
effect  of  the  presence  of  one  type  of  cell  on  the  fate  of  another  type 
of  cell,  A  may  be  called  the  ‘coefficient  of  interaction’.  Since  this 
coefficient  expresses  the  competition  for  food  and  space,  it  will  vary 
inversely  with  the  amount  of  available  food  and  space.  In  Hydra  the 
fluid  of  the  coelenteron  serves  as  a  circulatory  system,  so  that  the 
whole  organism  can  be  considered  as  available  space.  The  value  of  A 
will  therefore  vary  inversely  with  the  size  of  the  organism. 

From  a  consideration  of  competition  for  food  it  is  possible  to  deduce 
that  the  coefficient  of  interaction  is  inversely  proportional  to  the 
differentiation  potential.  A  high  inherent  differentiation  potential 
77  implies  a  high  capacity  to  use  food  materials  for  the  synthesis  of 
new  structure  and  for  its  maintenance  and  hence  a  high  concentration 
of  the  food-consuming  enzyme  systems.  Now  whenever  competition 
occurs  the  substrate  for  these  enzymes  is  present  in  limited  amount 
and  undifferentiated  cells  with  the  greatest  ability  to  use  it  will  thrive 
most  and  suffer  least  from  the  increased  demands  of  the  differentiate 
cells.  In  other  words,  the  higher  the  inherent  differentiation  potential 
the  lower  the  interaction  coefficient.  Th.s  conclusion  is  among  those 
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used  in  the  development  which  follows,  in  which  theoretical  expressions 
are  deduced  for  the  course  of  hydranth  regeneration. 

Continuing  the  mathematical  argument,  equations  (197)  and  (198) 
can  be  combined  to  give 


dc/d  t  =  (cM  —  c)(?r  —  Ac) 


(200) 


This  account  is  concerned  mainly  with  the  state  of  the  hydra  when 
transformation  ceases,  i.e.  when  dc/d/  =  0.  Applying  equation  (200), 
it  can  be  seen  that  this  condition  is  fulfilled  when  c  has  either  of  the 
two  values  c M  or  tt/A.  It  will  be  remembered  that  cM  is  the  mass  of 
differentiated  cells  formed  in  the  absence  of  competition,  so  that  for 
c  to  be  influenced  by  the  effects  of  competition,  it  is  necessary  not 
only  that  the  coefficient  of  interaction  (A)  should  be  positive,  but 
also  that  i r/A  <  cM,  so  that  c  approaches  77-/A.  This  gives  a  condition 
for  the  appearance  of  competition  effects,  namely  that  A  >  tt/qm. 

Next  in  the  argument  it  is  postulated  that  there  are  two  groups  of 
cells  similar  to  that  considered  above  and  that  they  compete  in  the 
same  way  as  do  the  cells  within  each  group.  The  mathematical  treatment 
is  as  before.  The  equations  for  two  groups  not  physiologically  connected 
are  of  the  same  form  as  equation  (200).  The  two  groups  for  which 
experimental  results  are  considered  are  the  distal  and  proximal  ends  of  a 
hydra,  isolated  from  each  other  by  some  means  such  as  thp  inWtinn  nf 


the  following  equations  may  be  formulated 


dc//dz  —  (c M,i  —  Cj)(i tj  —  A^) 
dc2/dt  =  (cM2  —  c.,)(-77-2  —  A2c2) 


(201) 

(202) 


groups  may  be  obtained  by 


■  into  equation  (197),  thus 
-  AjC2)  —  A7c;]  (203) 

~  *gC i)  —  A2c2]  (204) 


by  these  general  equations. 


(cf.  equation  (198)) 
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use  may  be  made  of  the  fact  that  the  occurrence  of  differentiation 
implies  that  7 r2  and  tt2  are  positive  and  that  the  occurrence  of  interaction 
implies  that  l2  and  X2  are  also  positive.  That  interaction  effects 
should  be  manifest  is  determined  by  the  conditions  l1  >  tt;/cMj  and 
l2  >  7t2/cUo,  while  the  assumption  that  dc;/d /  and  dc2/d/  are  not 
negative  ensures  that  ‘dedifferentiation  of  a  hydranth  is  not  considered. 
Equations  (203)  and  (204)  may  now  be  solved  for  the  final  steady  state 
when  differentiation  has  ceased,  imposing  the  condition 


whence 


dc//d  t  =  dc2/df  =  0 
ttj  —  X\c2  —  XjC,  —  0 


7T« 


X2Cj  A2c2  —  0 


The  values  of  c,  and  c2  in  the  steady  state  are  therefore  as  follows 

c,  =  -n  ,/A,  —  a;c,/a,  <205' 

c2  -  „2/a2  -  a:,c,/a2  (2°6> 

These  values  are  a  measure  of  the  degree  of  development  of  hydranths 
at  the  two  ends  of  the  stem.  Comparing  equations  (205)  and  (206) 
with  (199)  it  can  be  seen  that  competition  between  groups  has  reduced 
the  amount  of  differentiation  to  an  extent  given  by  the  fina'ter™  ' 
equations  (205)  and  (206).  These  equations  may  be  rearranged  to  g 

c ,  =  7t ,  (A_>  +  A.)/a  /)/«  ^ 

a',d  c,  =  +  «)/-  -  (2°8) 


where  a  =  AjA2  —  AjA2  and /J  A-.tt/  A/  .•  investigation  was  as 

One  of  the  problems  which  Pro^l  atvdranth  a?0nly  one  end, 
follows:  why  does  a  hydra  stem  rege^  ^  ^  Jither  end?  The  answer 
although  it  is  potentially  <  d  ,  comparing  the 

provided  by  the  present  aPP^h  ism^fou  J ^ 
steady  state  values  of  c :  ana  2  .  ,  the  numerators  of 

regeneration  occurs.  This  comparison  l  ^  (he  ^  of  the 

the  first  terms  m  e?U  |U°nfUrthe2  simplification  can  be  made  by  con- 
expressions  are  identic  .  biologically  most  plausible,  namely 

ss  a  -  s  m - 
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was  established  on  the  basis  of  considerations  concerning  the  com¬ 
petition  for  food  (p.  316).  The  possible  relations  between  the  77  and  X 
terms  may  now  be  set  out  formally  as  follows: — 

If  7 tj  >  tt2,  then  Xj  <  X2  and  X\  <  X2 

if  t tj  <  t t2,  then  Xt  >  X2  and  X\  >  X2  and 

if  77;  =  tt2,  then  Xj  =  X2  and  X\  =  X2. 

From  these  relations  and  equations  (207)  and  (208)  it  can  be  seen 
that  in  the  steady  state,  when  differentiation  has  ceased,  the  relative 
values  of  c,  and  c2,  which  are  measures  of  the  degree  of  development  of 
hydranths  at  the  distal  and  proximal  ends  of  the  stem,  are  related  to 
the  differentiation  potentials  of  the  two  ends  as  follows:— 


If  77;  >  7T2,  Cj  >  c2, 
if  77;  <  77.,,  C J  <  c,  and 
if  77;  =  77  o,  C  J  =  Co. 

It  can  be  seen  (hat  dominance  of  one  end  of  the  hydra  over  the  other 

P0t3enunOdfear8crr^  ValUe  u"  C)  'S  dUe '°  §radients  of  differentiation 
p  tial  under  conditions  where  competition  occurs.  This  however 

nrweTe'd^mmtr3  °f  «*  ***  values  for  ”0 

le\  *  teT in were 

might  be  regenerated  at  different  rates ^at  each’end  thf  fi 
state  values  would  be  independent  ^va  ues  for  n 

differentiation  potentials  (77)  of  the  twr»’  ccordlng  t0  the  theory  the 
considered  must  also  be  different  for  H  re^0ns  or  §rouPs  of  cells  being 

above).  The  gradient  of  p^  ft  ^  (See 

mentalists  may  be  provisionally  «  .  V  Joften  noted  by  experi- 
of  the  present  theory.  y  1  ed  Wlth  d*fferentiation  potential 

when  the  stem  oh a^yd^iVcm  ITboth'0  mdtei?re! the  events  noted 

hydranths.  Ifthe  theory  is  valid,  it  should  be  am  S’,'S  left  t0  derate 

w|der  range  of  observations.  It  is  in  r,,,,,  l,6  0  account  for  a  much 
predictions  agreeing  well  with  a  range  of  exi^'6  ‘°  d.°  S°’  ,heoretical 
K,NIT>«  6  a  ranSe  of  experimental  results  obtained 
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before  the  development  of  the  theory.  These  predictions  may  be 
summarised  as  follows: — 

i)  The  development  of  a  hydranth,  when  physiologically  connected 
to  another  hydranth,  will  be  limited  (cf.  equations  (207)  and  (208)), 

ii)  no  dominance  will  be  exhibited  when  the  two  hydranths  are  not 
physiologically  connected  (from  equations  (207)  and  (208),  equating 
the  coefficients  of  group  interaction  (A,  and  A'2)  to  zero)  and 

iii)  the  end  of  the  organism  possessing  the  higher  differentiation 
potential  will  be  the  dominant  end  (cf.  conditions  given  on  p.  321). 
The  ways  in  which  theory  and  experiment  concur  may  now  be  examined. 


Experimental  Evidence 

The  first  set  of  experimental  results  to  be  considered  was  obtained 
with  the  hydroid  Tubulciria.  When  lengths  of  stem  (5-10  mm.)  were 
cut  from  a  single  organism,  only  the  distal  hydranth  was  observed 
to  develop,  differentiation  at  the  proximal  end  being  undetectable. 
When,  however,  stem  sections  less  than  1  mm.  or  more  than  15  mm. 
long  were  removed,  hydranths  were  observed  to  start  regenerating  at 
both  ends  of  the  excised  segment,  no  dominance  of  distal  over  proximal 
end  being  observed.  Both  these  observations  are  in  accord  with  the 
theory.  In  a  very  short  stem  segment  there  can  be  no  effective  gradient 
in  differentiation  potential  (tt),  while  in  a  very  long  segment  the  coefficient 
of  group  interaction  (A')  is  small,  approaching  zero  for  complete 
separation  of  the  ends.  This  latter  conclusion  was  tested  by  abolishing 
the  connection  between  the  ends,  blocking  the  coelenteron  by  means 
of  an  oil  drop  or  alternatively  with  a  bubble  of  oxygen:  this  operation 

also  abolished  distal  dominance.  .,nlQ. 

The  rate  of  regeneration.  A  similar  set  of  experiments  by  Barth  (1938) 
was  designed  to  vary  the  degree  of  interaction  between  the  two  ends  of 
the  excised  segment,  so  that  the  results  may  be  interpreted  in  terms  of 
equations  (203)  and  (204),  which  relate  the  rate  of  regeneration  to  the 
values  of  the  coefficients  of  group  interaction.  The  rate  of  regeneration 
of  the  hydranth  was  measured  as  the  volume  of  hydranth  fo 
divided  by  the  time  taken  for  a  constriction  to  appear  between  the 
hydranth  primordium  and  the  rest  of  the  stem.  Fig.  70  shows  diagram- 
matically  the  techniques  used  to  alter  the  values  of  the  group  interaction 
coefficients  It  wasfound  that  the  rate  of  development  of  a  proximal 

(.a»  s..  e~p, 

hydranth  remained  constant. 
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An  alternative  way  of  abolishing  the  terms  in  equations  (205)  and 
(206)  which  contain  the  coefficients  of  group  interaction  (A^c,  and 
A;C2)  is  to  reduce  c;  or  c2  to  zero.  This  is  done  in  experiments  of  type 
(d):  the  rate  of  development  of  the  proximal  hydranth  was  found  to 
be  21-3  units,  as  compared  with  4  0  and  2-3  units  for  experiments  of 
type  (a),  in  which  the  distal  hydranth  was  actively  regenerating. 
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Fig.  70  Experimental  conditions  used  in  the  study  of  differentiation  in  hydroids 

"T’  945)'  , (P  °  refCr  l°  Proximal  and  distal  ends,  respectively) 
a)  Distal  and  proximal  ends  in  competition.  ^  ^ 

4\I4lab°en.oe*  h!W°  e"dS  Wi‘h  2  concomi,am  chanSe  in  physiological  space 

“«*•*»*  “  physiological  space 

rf^^yU;nealTaig|aaL“udbe0b,ained  by  *****  **"»«“«  in  distai 

a^V^T*  .exPerin'‘ents  of  ‘Yl*  (b)  was  placed  halfway 
“f  *  ?5  T?-ftem:  a  drastlc  decrease  in  the  rate  of  development  of 
the  proximal  hydranth  was  observed.  It  will  be  remembered  thaTstem! 

regeneration  rate  when  the  stem  is  Heated  therof  decrease  in 

volume  of  available  soace-  thTJ?  §  d  therefore  changes  only  the 
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effects,  does  not  yield  results  which  can  be  predicted  by  the  present 
theory,  since  it  is  not  quantitative.  The  effect  of  such  a  ligature  would 
presumably  be  to  eliminate  competition  between  the  groups  of  cells 
(i.e.  and  X2  are  reduced  to  zero)  and  simultaneously  to  intensify 
competition  between  cells  within  each  group  (i.e.  to  increase  Xx  and 
A2).  In  typical  experiments  decreases  of  20%  and  36%  in  the  rate  of 
development  of  the  proximal  and  distal  ends,  respectively,  were 
observed.  Although  this  could  not  be  predicted,  it  may  be  interpreted  as 
support  for  the  view  that  the  coefficients  of  interaction  measure 
competition  for  space,  since  the  proximal  hydranth  was  left  with 
half  as  much  available  space  as  previously  served  for  two  developing 
hydranths,  while  the  effect  of  competition  from  the  distal  end,  normally 
dominant,  was  abolished. 

The  time  course  of  dominance.  A  third  series  of  experiments 
(Watanabe,  1935)  provides  further  confirmation  of  the  theory.  The 
experiments  may  be  divided  into  three  groups,  each  confirming  a 
deduction  from  the  theory.  It  was  found  possible  to  measure  the 
relative  dominance  of  the  two  ends  of  the  organism,  in  this  case 
the  hydroid  Corymorpha,  in  the  following  way.  Pieces  of  stem 
15-20  mm.  long  from  the  distal  end  of  Corymorpha  were  isolated. 
Under  normal  conditions  these  almost  invariably  tended  to  develop 
hydranths  at  each  end.  By  varying  the  conditions  of  stem  section 
suppression  of  either  distal  or  proximal  hydranths  was  produced. 
In  the  terminology  used  by  Watanabe,  it  may  be  said  that  modifica¬ 
tion  of  the  mode  of  section  caused  the  normally  ‘dipolar’  forms  to 
grow  as  ‘unipolar’  forms.  Measurement  of  the  frequency  and  kind 
of  unipolar  forms  produced  gave  a  measure  of  the  change  in  rela¬ 
tive  dominance  of  the  two  ends,  with  a  range  corresponding  to  0—100  %. 
The  basic  experimental  technique  was  the  delayed  cut  (Fig.  71  A). 
In  one  series  of  experiments  a  proximal  section  was  made  at  P, 
leaving  the  hydranth  to  exert  its  effect  for  various  periods  of  time  (0 
before  cutting  at  D.  The  new  section  at  D  then  competed  with  the 
regenerating  hydranth  at  P.  The  percentage  of  unipolar  forms  produced 
increased  with  increasing  values  of  t,  thus  verifying  that  a  fully-formed 
structure  can  regulate  the  extent  of  transformation  of  a  region  of  lower 

growth  potential  with  which  it  is  connected.  „  ,„h 

8  Tn  the  second  group  of  experiments  the  cut  was  made  first  at  D  and 
then  after  vanougs  periods  of  time,  at  P.  In  this  way  the  influence  of 
hvdranths  of  various  ages  regenerating  at  D  on  regeneration  at  wa 
measured  The  results  shown  in  Fig.  71B,  confirm  that  the  intensity 
of  the  dominance  of  a  hydranth  increases  as  the  approac  es 

the  end  of  its  development,  attaining  a  maximum  (100%  dominance) 
Is  the  process  is  complete.  A  third  group  of  experiments  showed 
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Experimental  techniques  used  in  studying  dominance  in  Corymorpha 

DeVel?^ITlent  of  Proximal  dominance;  (o)  Section  at  Pa nH  n 

second  distal  section  at  D,  at  0  8  *  ^ecuon  at p  and  D,  at  zero  time, 

of  results  2  ’  16’  24>  32*  40  and  48  hr.  ( b )  graph 
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the  development  of  the  latter.  In  this  way  it  is  possible,  as  the  results  of 
experiments  show,  to  convert  a  normally  ‘recessive’  end  into  a  ‘dominant’ 
end,  thus  confirming  that  the  regulation  of  the  regeneration  of  hydranths 
is  by  way  of  a  competitive  mechanism. 

Although  Spiegelman’s  theory  has  been  exemplified  by  results 
obtained  from  the  study  of  hydroids,  there  is  no  feature  of  the  mathe¬ 
matical  treatment  used  or  the  biological  premises  made  to  necessitate 
such  a  restriction;  indeed  it  is  clear  that  the  primary  assumption, 
that  an  organism,  or  part  of  an  organism,  is  an  open  system,  is  common 
to  all  forms  of  life.  It  is  probable,  therefore,  that  competition  is  a 
regulating  mechanism  in  all  morphogenetic  processes.  There  are,  of 
course,  other  regulatory  mechanisms.  It  has  been  found  that  various 
factors,  believed  to  be  single  chemical  compounds,  influence  growth 
and  differentiation  and,  according  to  their  activities,  have  been  termed 
inductors,  evocators  and  organisers.  They  have  not  been  isolated  or 
characterised,  so  that  the  biochemistry  of  their  action  is  not  known. 
For  a  general  account  of  available  biochemical  data  relating  to  morpho¬ 
genesis  the  reader  is  referred  to  Needham  (1942). 


GROWTH  OF  ORGANISMS 

Growth  has  attracted  the  attention  of  biologists  of  many  varied 
interests,  but  little  is  known  of  the  detailed  biochemical  processes 
involved.  At  the  present  time,  therefore,  any  attempt  to  formalise 
growth  processes  must  depend  upon  drastic  simplification.  Some 
workers  have  used  a  single  equation  to  describe  the  overall  process. 
It  is  indeed  possible  to  describe  to  any  desired  degree  of  accuracy  any 
curve  by  use  of  a  power  series  of  the  type 

x  =  a  +  bt  -f-  c^2  +  d/3  "}■•••• 


and  in  consequence  any  growth  curve  could  be  fitted  by  such  an  equa- 
tion  in  which  x  is  weight  or  a  given  dimension,  l  time  and  a,  b,  c,  d  . . . 
constants.  Approaches  to  the  problem  have  also  been  made  by  attempt¬ 
ing  to  account  for  growth  phenomena  in  terms  of  equations  derived 
theoretically,  but  having  a  basis  in  assumptions  which  are  biologically 
acceptable.  This  approach  resembles  those  described  in  the  previous 
sections  of  this  chapter.  If  the  theoretical  equations  contain  constants 
which  must  be  evaluated  from  an  experimental  growth  curve,  it  is 
evident  that  they  must  function  to  some  extent  as  empirical  equations 
and  the  greater  the  number  of  arbitrary  constants  they  contain  the 
more  closely  will  they  agree  with  experiment.  It  is  clear,  therefor  , 
that  agreement  between  theory  and  experiment  tends  to  confirm  the 
validity  of  the  theory  only  when  the  equations  involved  contain  very 
few  arbitrary  constants,  and  preferably  none. 
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One  of  the  most  successful  attempts  to  derive  a  general  growth 
formula  is  that  of  Bertalanflfy  (1942)  which  makes  use  of  the  concept 
of  an  organism  as  an  open  system,  together  with  the  idea  of  the  ‘scale 
effect’  (p.  94).  The  increase  in  size  in  unit  time  is  termed  the  ‘absolute’ 
growth  rate,  dx/dt:  x  may  be  taken  as  length,  volume  or  weight  of 
the  organism.  The  ‘relative’  growth  rate  is  the  rate  of  increase  in 
dimension  or  weight  per  dimensional  unit,  i.e.  (dx/dt)(\/x)  where  x 
is  the  instantaneous  value  of  the  dimension.  It  is  a  property  of  almost 
all  organisms  that  this  quantity  diminishes  with  increasing  time.  The 
organism  is  regarded  as  an  open  system,  which  may  be  written  simply 
as 


Source  -•->  X - >  Y  Sink 


Let  M  be  the  mass  at  time  t,  v  the  rate  of  influx  of  material  X  and  k 
the  velocity  constant  for  the  conversion  of  X  to  Y,  the  latter  being 
continuously  removed.  The  growth  rate  can  be  expressed  as 

dM/d  t  =  v  —  /:M 

1  he  mass  at  time  t  is  thus  given  by 


-kt 


where  is  the  value  of  M  at  zero  time.  The  maximum  value  of  M, 

i.e.  when  t  =  oo,  is  equal  to  v/k,  which  is  independent  of  M,,  the  initial 
mass. 

Assuming  that  the  rate  of  breakdown  of  Y,  or  any  other  process 
by  means  of  which  it  is  removed,  is  proportional  to  volume  or  mass 

i.e.  equal  to  kj M,  and  the  rate  of  absorption  of  X  to  the  surface  area 
(T),  i.e.  equal  to  k2A, 


dM/d  t  =  k2A  —  k2  M  (209) 

Unjoin!  p/2  and,M,=  v'3’ where  1  is  Iength  or  an  equivalent  dimension 
ana  p  and  q  constants, 


so  that 
If 


and,  hence, 


3q/2.d//dz  =  k2l* p  -  kjl3q 

dl/dt  =  pk2/3q  ~  k,l/3 
pk2/3q  =  C  and  kJ3  —  K 
d//dz  =  C  -  K / 


(210) 
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where  10  is  length  at  zero  time.  When  dljdt  =  0,  /  =  C/K  (/r),  i.e. 
length  when  growth  ceases,  so  that  equation  (210)  may  be  written 

/  =  //—(/,  —  4)e-Ki  (211) 

Similarly,  for  weight  increase,  the  equation  is  of  the  form 

M  =  K/M,  -  (^M,  -  ^M0)e-K? 

where  and  are  initial  and  final  weights,  respectively.  A  graph 
of  the  linear  growth  equation  is  an  exponential  curve  and  that  of  the 
weight  increase  curve  sigmoid,  with  a  point  of  inflexion  at  0-3/  (cf. 
autocatalytic  curve,  p.  165). 

A  considerable  number  of  experimental  data,  both  qualitative  and 
quantitative,  have  been  shown  to  be  in  accord  with  Bertalanffy’s 
theory.  Hesse  (1927)  found  that  growth  was  regulated  by  the  size  of 
the  absorbing  area,  e.g.  in  Hydrozoci,  Anthozoa  and  Tremotodes.  In 
most  animals  absorption  takes  place  by  way  of  a  differentiated  surface, 
the  intestinal  mucosa,  and  it  is  this  inner  surface  area  which  must  be 
considered.  Bertalanffy  found  that  the  ratio  between  the  surface  area 
of  the  gut  and  that  of  the  exterior  remains  approximately  constant  for 
all  sizes  of  Planaria  between  0-01  and  20  mg.  weight.  These  results  are 

in  accord  with  equation  (211). 

The  observed  growth  of  micro-organisms  provides  supporting 
evidence  for  the  theory.  The  growth  of  spherical  bacteria  follows  equation 
1211)  with  respect  to  the  radius  as  a  measure  of  growth,  the  rate  ot 
growth  decreasing  with  time.  Rodlike  bacteria,  m  contrast,  ave 
approximately  constant  growth  rates.  This  striking  difference  is 
supposed  to  be  related  to  the  fact  that  rod-shaped  bacteria  increase 
marnlv  in  length,  the  volume  and  surface  area  increasing  in  propor- 
ffoTso  that  the  ratio  of  the  surface  area  to  the  volume  remains  approxi¬ 
mately  constant.  If  the  condition  A  oc  M  is  introduced  into  equation 

(209),  the  relation  ^  =  ^ 

where  k3  is  a  composite  constant,  is  obtained.  On  integration  tins 

yieIds  M  =  M„ekj‘ 

Since  for  a  cylinder  of 

portional  to  the  length,  lm  g  f  t0  voiUme  changes 

K^r^r^SSsive  fa,,  in  growth  rate, 

eqThe0gnrowth  of 'majy  complex 

tadpole"  ta^lsl^he  Application  o?f  the  equations  to  warm-blooded 
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vertebrates  is  possible  only  if  the  course  of  their  growth  is  divided  into 
phases,  the  exponential  law  applying  for  each  phase.  This  is  contested 
by  some  workers  who  claim  that  very  little  work  on  growth  can  be 
interpreted  in  terms  of  simple  growth  formulae,  since  the  controlling 
factor  is  almost  always  a  shortage  of  some  nutrient. 

A  point  of  interest  in  connection  with  the  Bertalanffy  formula  is 
that  it  is  applicable  to  ‘ungrowth’,  e.g.  the  loss  of  weight  consequent 
upon  starvation.  It  is  claimed  that  this  indicates  that  the  equation  has 
‘physiological  reality’,  even  though  the  constants  involved  must  be 
highly  complex  functions  of  simple  chemical  and  geometrical  constants. 

Other  kinds  of  organism  for  which  Bertalanffy’s  equations  have  been 
found  to  hold  include  insects  and  tissue  cultures.  Some  relevant 
findings  are  summarised  in  Table  33. 


TABLE  33 

Metabolic  and  growth  types  (Bertalanffy,  1951) 


METABOLIC  TYPE 

I.  Respiration  oc 
surface  area 


GROWTH  TYPE 


(i) 


Linear  growth  curve,  attaining 
steady  state  without  point  of 
inflexion 


EXAMPLES 

Lamellibranchs, 
fish,  mammals 


II. 


Respiration  oc 
mass 


III.  Respiration  oc 
mass  and  surface 
area 


Insect  larvae, 

Orthoptera 

Helicidae 


Planorbidae 


(ii)  Weight  increase  curve  sigmoid 
with  point  of  inflexion  at 
0-33  final  weight. 

Linear  growth  and  weight  increase 
curves  both  exponential,  broken 
by  metamorphosis  or  seasonal 
cycles 

(i)  Linear  growth  curve  attains 
steady  state  with  point  of 
inflexion 

(ii)  Weight  increase  curve  sigmoid, 
as  for  type  I  (ii) 

Other  Growth  Equations 

A  well-fcnown  theory  with  a  chemical  basis  is  that  of  Robertson 
(  923)  which  is  derived  simply  from  the  concept  of  growth  as  an 
ocatalytic  process,  but  is  largely  vitiated  by  the  fact  that  it  is 
implicitly  assumed  that  the  organism  is  a  closed  system  The  ‘fit’  of 
his  equation  and  experimental  growth  curves  was  improved  hv  fn.ro 

sasr* <”•  n '»')■  t'SZ'sZirz 

dm/d (  =  km(M  -  m) 
kinetics  v  ' 
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where  m  is  the  mass  at  time  t  and  M  the  final  mass,  and  the  modification 
dm/d t  =  km  (M  —  m)(a^  +  a 2t2  +  . . .  antu) 


The  original  equation,  which  had  an  explicit  theoretical  basis,  is  thus 
converted  into  an  empirical  equation  capable  of  fitting  any  curve. 
It  has  been  used  to  express  the  results  of  many  investigations  and  is  of 
considerable  practical  convenience.  For  example,  the  expression 
describing  the  growth  of  a  rat  is 

M  =  7  +  234/(1  +  e4'3 -7'2,+ 308(2 +0'5'3) 


It  is  interesting  to  note  that  a  great  amount  of  data  on  the  relative 
growth  of  animals,  i.e.  the  change  in  size  of  a  limb,  organ  or  other 
structure  in  relation  to  that  of  the  body  as  a  whole,  can  be  expressed 
in  terms  of  the  power  equation 

y  =  ax11 

where  y  and  x  are  the  size  of  the  body  and  of  the  structure,  respectively, 
and  a  is  a  constant.  This  equation  is  also  based  on  the  general  idea  of 
autocatalysis.  The  relative  sizes  of  parts  of  the  body  depend  also  on 
the  partition  of  available  nutrient  material,  as  discussed  above  for 
hydroids.  A  general  account  of  the  biological  implications  of  the  above 

equation  has  been  given  by  Huxley  (1932). 

An  aspect  of  growth  which  has  been  studied  by  many  workers  is 
regeneration  after  injury,  for  it  poses  the  same  major  problems  as 
overall  growth,  but  is  somewhat  simpler  to  study.  A  general  discussion 
of  regeneration  has  been  given  by  Needham  (1952).  A  fascinating 
study  of  the  regeneration  of  human  skin  is  reported  at  length  by 
du  Noiiy  (1936).  By  deduction  from  reasonable  assumptions  based  on 
observation  of  the  regenerative  process,  he  derived  an  equation  for  the 

rate,  viz. 

A  =  A0e~u,+‘ l2p) 

where  A„  is  the  original  area  of  the  wound,  A  its  area  at  time  r,  k  a 
constant  termed  the 'index  of  cicatrisation’  and  p  an  arbitrary  constant, 
k  is  a  function  of  the  size  of  the  wound  and  can  be  expressed  a 

k  =  K  l\ZA0 

KWssa  r? »»-  -it «  - 

rate  of  decrease  itself  decreasing. 
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GENERAL  SYSTEM  THEORY 

The  last  theory  considered  in  this  chapter  is  the  most  general  and 
the  most  abstract.  In  an  earlier  chapter  (p.  173)  it  was  seen  that  the 
mathematical  treatment  of  open  systems  reveals  properties  which  are 
akin  to  certain  aspects  of  the  behaviour  of  biological  systems,  e.g. 
‘false  start’,  ‘overshoot’,  In  a  similar  way  the  ‘general  system  theory’ 
of  Bertalanffy  (1950)  shows  that  many  properties  of  organisms  which 
have  often  been  considered  ‘vital’,  possessed  only  by  living  entities, 
can  be  described  in  formal  mathematical  terms  as  consequences 
of  fundamental  properties  of  systems  of  processes.  There  is  evidence 
that  the  study  of  organisation,  which  is  a  distinctive  property  of  a 
system,  is  attracting  the  attention  of  workers  in  such  widely  differing 
fields  of  study  as  anthropology,  biophysics,  demology  and  ecology. 
Bertalanffy,  by  suggesting  that  the  ‘logico-mathematical  discipline’ 
of  the  general  system  theory  is  applicable  to  all  sciences  concerned 
with  systems,  has  provided  a  general  technique  which  he  considers  may 
lead  to  the  unification  of  science. 

The  quantitative  behaviour  of  organisms  as  complex  reaction  systems 
can  be  expressed  as  a  system  of  differential  equations,  as  follows 


dQ//df  =  MQi,  Q2, . . .  Qn) 

dQ2/dt  =  MQj,  Q2, . . .  Qn)  (212) 


dQJdt  =  <f>n(Qj,  Q„  .  .  .  Q „) 

are  COnCentrations  or  quantities  of  interacting 
elements  and  j2  etc.  are  various  functions.  Such  a  system  cannot 

readily  be  treated  mathematically  and  it  is  necessary  to  introduce 
simplifications.  The  simplest  system  may  be  formulated^ 


dQ/dr  =  <t(Q) 

which,  developed  as  a  Taylor  series,  is  equivalent  to 

dQ/dr  =  a,Q  +  a„Q2+  . . . 
and  this,  by  approximation,  may  become 


f213) 


u  v/ar 


solutionis110"  1S  °f  the  SamC  f°rm  as  certain  growth  equations:  its 

Q  =  Q 

where  Q0is  the  value  of  O  at  7em  tu-  •  i 

which  expresses  first  order  kinetics  when  the  cons'tam'a^is'egitlve" 
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If,  in  equation  (213),  two  terms  are  retained,  the  solution  of  the 
equation  which  results,  i.e. 


dQjdt  =  a2Q  +  ai2Q2 


is 


Q  =  a2Cea'7(l  -  a2iCe^) 


This  is  the  equation  of  the  so-called  logistic  curve,  which  expresses 
an  autocatalytic  process  and  some  aspects  of  growth. 

Considering  again  a  Taylor  series  expressing  the  change  in  concen¬ 
tration  or  quantity  of  one  element  in  the  system  of  equation  (212),  i.e. 


dQjdt  =  auQ2  +  ai2Q2  ~\~  •  •  •  ai«Qn  T*  a*nQi  T-  •  •  •  (214) 


it  can  be  seen  that  any  change  in  the  quantity  of  one  element  is  a  function 
of  all  the  other  elements.  This  is  an  expression  of  the  interdependence 
of  the  elements  or  the  integration  of  function  in  a  system  of  processes, 
which  is  commonly  observed  in  biological  systems. 

Another  biological  situation  is  represented  by  equation  (214),  if  it 
is  assumed  that  the  coefficients  decrease  with  time.  The  system  then 
passes  from  complete  interdependence  of  the  elements  to  some  degree 
inHpnendence  (‘orogressive  segregation’).  Examples  of  this  process 


dQi/dt  —  avQ; 
dQo/d  t  =  asQ2 


(215) 


or 


(216) 

(217) 

(217) 


Q;  =  c2ea^ 
Q2  =  c2ea2' 


where  a2,  a2,  c2  and  c2  are 


and  c2  are  constants.  Solving  equations  (216)  and 
I  =  (in  Q,  —  In  c,)/a,  =  (In  Q2  —  ln 

Q,  =  BQ* 


and 
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where  A  =  a,/a2  and  B  =  c^A.  This  is  the  so-called  allometric 
equation.  Equation  (215)  may  be  written 


(dQ,/dr)(l/Qi)  . 
(dQ,/dt)(l/Q2) 

(218) 

dQ,  .  Q/  dQ2 
d  t  ~  Q, '  dt 

(219) 

Equation  (218)  implies  that  relative  growth  rates  are  in  constant 
proportion  throughout  any  life  cycle  to  which  the  allometric  equation 
applies.  Equation  (219)  implies  that  an  element,  e.g.  organ  or  limb, 
takes  from  an  increase  resulting  from  the  metabolism  of  the  whole 
system  (dQ,,/d/)  a  share  (dQj/df)  proportional  to  its  actual  proportion 
of  the  whole  system.  In  addition  to  representing  some  aspects  of 
growth,  the  allometric  equation  applies  to  basal  metabolism.  For 
many  animals  A  =  2/3  with  respect  to  body  weight,  showing  that 
basal  metabolism  is  a  function  of  surface  area,  while  for  others  A  =  1. 
If  the  elements  of  the  system  are  not  independent  the  situation  is  more 
complex,  but  equations  have  been  derived  by  other  workers  to  express, 
for  instance,  competition  between  predator  and  prey  (Volterra,  1931) 
and  between  parts  of  an  organism  (Spiegelman,  1945)  (p.  316). 

The  equations  summarised  in  equation  (212)  have  three  types  of 
solution:  the  system  may  asymptotically  approach  a  stable  stationary 
state  with  increasing  time;  it  may  never  attain  a  stationary  state; 
or  it  may  oscillate  periodically  about  a  stationary  state.  When  the 
system  approaches  a  stable  stationary  state,  its  time  course  can  be 
expressed  in  terms  of  its  distance  from  the  stationary  state  (equations 
(114)  and  (115),  p.  174).  Thus  the  behaviour  of  the  system  is  appa¬ 
rently  directed  towards  a  future  state,  i.e.  it  appears  to  be  purposive. 
This  property  of  living  organisms  has  often  been  considered  as  ‘vital’, 
but  can  now  be  seen  to  be  a  consequence  of  the  properties  of  the 
physico-chemical  systems  concerned. 

The  fact  that  organisms  are  open  chemical  systems  has  been  dis¬ 
cussed  in  an  earlier  chapter  (p.  173)  and  various  properties  of  such 
systems  have  been  compared  with  aspects  of  the  behaviour  of  livine 
systems.  A  striking  property  of  open  systems  is  their  ‘equifinality’ 

at  is  to  say  their  ability  to  attain  the  same  stationary  state  no  matter 
wh3t  the  initial  conditions  may  have  been.  This  property  is  also  dis- 
played  by  organisms.  Well-known  examples  include  the  regeneration 

larvamf^emlnhlif!  s  a"df  the  deve,0Pment  of  a  typical  fea-urchin 

from  a  norma!  germ.™  ”  ^  *W°  S*™  Which  haVe  been  fused 


or 
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The  general  system  theory,  although  it  has  so  far  been  put  forward 
only  in  outline,  foreshadows  important  possibilities  for  the  systematic 
mathematical  analysis  of  reaction  systems.  The  examples  treated  in 
some  detail  in  the  first  sections  of  this  chapter  support  Bertalanffy’s 
point  of  view.  It  may  be  held  that  such  approaches  to  the  understanding 
of  the  living  cell  are  crude  and  unrealistic,  but  it  seems  more  reasonable 
to  welcome  any  technique,  such  as  that  of  the  mathematical  model, 
which  stimulates  simultaneously  theory  and  experimentation,  for  it  is 
probably  by  this  means  that  pioneer  work,  although  this  may  itself 
be  superseded  or  discredited,  can  make  its  most  important  contri¬ 
butions  to  the  increase  of  knowledge. 
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